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Key Points

• MDSCs are potent
suppressors of alloimmune
responses; however, efficacy
is limited in the context of
acute GVHD due to
inflammasome induction.

Myeloid-derived suppressor cells (MDSCs) are a naturally occurring immune regulatory

population associated with inhibition of ongoing inflammatory responses. In vitro gen-

eration of MDSCs from bone marrow has been shown to enhance survival in an acute

model of lethal graft-versus-host disease (GVHD). However, donor MDSC infusion only

partially ameliorates GVHD lethality. In order to improve the potential therapeutic benefit

and ultimately survival outcomes, we set out to investigate the fate of MDSCs after

transfer in the setting of acute GVHD (aGVHD). MDSCs transferred to lethally irradiated

recipients of allogeneic donor hematopoietic grafts are exposed to an intense inflamma-

tory environment associated with aGVHD, which we now show directly undermines their

suppressive capacity. Under a conditioning regimen and GVHD inflammatory settings, MDSCs rapidly lose suppressor function and

their potential to inhibit GVHD lethality, which is associated with their induced conversion toward a mature inflammasome-activated

state.We findevenbrief invitroexposure to inflammasome-activatingmediatorsnegates thesuppressivepotential of culturedmurine

and human-derived MDSCs. Consistent with a role for the inflammasome, donor MDSCs deficient in the adaptor ASC (apoptosis-

associated speck-like protein containing a CARD), which assembles inflammasome complexes, conferred improved survival of mice

developing GVHD compared with wild-type donor MDSCs. These data suggest the use of MDSCs as a therapeutic approach for

preventingGVHDand other systemic inflammatory conditionswill bemore effectivewhen combinedwith approaches limiting in vivo

MDSC inflammasome activation, empowering MDSCs to maintain their suppressive potential. (Blood. 2015;126(13):1621-1628)

Introduction

Allogeneic hematopoietic cell transplantation is a potentially cura-
tive therapy for a variety of hematologic diseases including leuke-
mias and lymphomas. However, the risk of morbidity and mortality
from graft-versus-host disease (GVHD) remains an obstacle to
widespread use.1 Immune-suppressive cell therapy has the potential
to control GVHD while reducing conditioning-regimen side effects.
Myeloid-derived suppressor cells (MDSCs), defined broadly as my-
eloid lineage cells with suppressive capacity, emerge coincidentwith
pathologies such as tumors, trauma, and infection.2 De novo MDSC
production from the bone marrow (BM) occurs in response to in-
flammation and growth factor release (ie, granulocyte-macrophage
colony-stimulating factor [GM-CSF] and granulocyte colony-
stimulating factor [G-CSF]). Recent interest in the clinical
application of MDSC therapy has grown in response to basic

research and a better understanding of MDSC biology; however,
questions remain regarding in vivo viability, trafficking, and
expansion.3-5

Much like regulatory T cells (Tregs), which have shown promise in
preclinical and early-phase clinical trials for GVHD,6 MDSCs can
suppress systemic immune pathology via unique mechanisms includ-
ing local amino acid deprivation, nitric oxide, prostaglandin E2, anti-
inflammatory cytokines, reactive oxygen species, and promotion of
Tregs.7We have shown that BM-derived cultures ofMDSCs incubated
with interleukin-13 (IL-13) suppress acute GVHD (aGVHD) via an
arginase 1 (Arg1)-dependent depletion of L-arginine, which in turn in-
hibits allogenic T-cell responses.8 Translation requires a thorough un-
derstanding of cell fate and function with attention paid to potentially
adverse effects.
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aGVHD has 3 phases: (1) transplant conditioning, (2) donor
T-cell priming, and (3) effector-phase tissue apoptosis.9-11 The con-
ditioning regimen and rapid priming of a high frequency of allo-
specific donor T cells leads to intense systemic inflammation.
Because aGVHD expands donor T cells that have the capacity to
attack the recipient, the most effective approaches to prevent lethal-
ity are those that dampen T-cell responses early posttransplant, when
inflammation is mounting and alloreactive T cells are contributing
to organ injury, amplifying the inflammatory response.12 For donor
MDSCs to be optimally effective, these cells must maintain their
viability and function for a sufficiently long period of time to impede
alloreactive T-cell priming and expansion.

Factors associated with inflammasome activation are produced
during allogeneic hematopoietic cell transplantation, including
gut-associated leakage of bacterial products and danger-associated
molecules from dead and dying cells.1 The inflammasome is a mul-
timolecular complex, which acts as an important downstream
component of innate immune sensing pathways.13,14 For inflam-
masome activation to occur, initiating signals converge and lead
to adaptor protein ASC (apoptosis-associated speck-like protein
containing a CARD)-mediated pro–caspase-1 autocatalytic cleav-
age and cleavage and export of active IL-1b or IL-18. Molecules
involved in the different inflammasomes vary depending on the
source of activating signals and the “upstream” molecule that coa-
lesce with ASC; for example, AIM2-like receptor family inflam-
masomes can be initiated by binding cytosolic double-stranded
DNA (dsDNA) to AIM2 (absent in myeloma 2), while the NLRP3
(NOD-like receptor family, pyrin domain containing-3) inflam-
masome is activated by microbial and host danger signals, as
well as changes in extracellular adenosine triphosphate (ATP)
content.15

Here, we demonstrate that in a murine GVHD model, a single
early-posttransplant MDSC infusion transiently suppresses but
does not eliminate GVHD. Our data establish that the inflammation
of GVHD drives MDSCs toward a state of inflammasome activa-
tion, which is counterproductive to MDSC suppressive function
in GVHD mice. However, genetic alteration of donor MDSCs to
disable inflammasome activation results in increased GVHD sur-
vival relative to control MDSC therapy. Furthermore, we find sup-
porting evidence that the same pathways are active in human
MDSCs. Taken together, this new information should be used to
augment ongoing and proposed studies of MDSCs and their poten-
tial therapeutic application.

Methods

MDSC generation

Murine MDSCs were generated in complete Dulbecco’s modified Eagle
medium plus 10% fetal calf serum, supplemented with 100 ng/mL G-CSF
and 2.5 ng/mLmouseGM-CSF for 4 days. On day 3, 40 ng/mL recombinant
murine IL-13 was added for Arg1 induction; alternatively, 40 ng/mL
interferon-g was added. MDSCs were harvested on day 4 using trypsin/
EDTA and light scraping to recover adherent cells resulting in .92%
CD11b1 recovery.8 For inflammasome induction, lipopolysaccharide
(LPS) (0.2 mg/mL) was added to prime cultures. After 3 hours, to stimulate
the NLRP3 inflammasome, 2 mMATP was added for 1 hour; alternatively,
for AIM2 inflammasome activation, poly(dT) was added using Lipofect-
amine 2000 reagent.

All other methods are described in detail in the supplemental files (available
on the BloodWeb site).

Results

MDSCs undergo rapid differentiation to CD11c1 activated

phenotype in the context of GVHD

MDSCs were generated from cultured fresh BM with GM-CSF
and G-CSF in 4 days. Previously, we demonstrated that activation
of cultured MDSCs 1 day prior to harvest with IL-4 or IL-13
stimulates expression of Arg1 and promotes functional suppression
of T cells both in vitro and in the context of GVHD.8 To dem-
onstrate that IL-13–activated MDSCs (MDSC-IL13) are effec-
tive at prolonging survival in a murine aGVHD model, lethally
irradiated BALB/c recipients were given allogeneic C57Bl/6 BM
plus CD25-depleted T cells to induce aGVHD, in the presence or
absence of MDSC-IL13 cellular therapy, at day 0. T cells induce
aGVHD, resulting in a mean survival time of 24.5 days. However,
animals receiving MDSC-IL13 therapy had extended survival to
47.5 days (Figure 1A). Despite an improved clinical outcome,
a majority of treated animals succumbed to GVHD-induced death
by day 100, suggesting pathology was reduced or delayed, but not
eliminated. To investigate how conditions associated with aGVHD
might directly alter MDSC function, BM or BM plus T cell (GVHD
conditions) with congenic CD45.21 MDSC-IL13 were given to
CD45.11 animals that were then sacrificed at day 5 posttransplant
to examine the phenotype, function, and fate of recovered MDSCs.

Phenotypically, MDSCs recovered from transplanted animals
receiving only conditioning plus BM maintained an immature
CD11clo, MHCIIlo, F4/80int appearance (Figure 1B-C). However,
MDSC-IL13 transferred to animals undergoing aGVHDconditions
(CD81CD41CD252 T cells) upregulated CD11c and major his-
tocompatibility complex class II, hallmarks of activated myeloid
cells. F4/80 expression was also increased, suggesting activation
and differentiation occurred rapidly in response to the ongoing
inflammatory environment promoted by alloreactive T cells
(Figure 1B-C). Other markers of costimulation and activation re-
mained unchanged (supplemental Figure 1). To measure the func-
tional status of recovered MDSCs, we cocultured ex vivo isolated
MDSCs (supplemental Figure 2) with anti-CD3emonoclonal anti-
body (mAb)-activated, carboxyfluorescein diacetate succinimidyl
ester (CFSE)-labeled T cells. MDSC-IL13 from day 5 animals
transplanted with BM only was highly suppressive (Figure 1D, see
“no GVHD”). In contrast, T-cell responses in the presence of
MDSC-IL13 recovered from GVHD animals showed only a slight
reduction in overall proliferation relative to no-MDSC controls
(Figure 1D), indicating a loss of suppressor cell function ofMDSCs
in GVHD recipients.

One explanation for the loss of suppression by MDSCs in vivo
could be compromised survival of the suppressive cells. MDSC viabil-
ity is maintained by continuous suppression of the extrinsic caspase-8
and intrinsic mitochondrial death pathways.5 Manipulation of either
of these pathways causes a rapid decline inMDSC viability and a con-
comitant decrease in suppression. Therefore, we investigated whether
the number and viability of transferred cells was compromised in re-
cipient spleens posttransfer. No significant differences were observed
between BM-only and GVHD conditions when looking at the total
CD45.21CD11b1 cell number or viability at day 5 (Figure 1E), though
a differential fate might have been evident at later time points. Taken
together, these data suggest that MDSC-IL13 reduce aGVHD for a
limited period of time posttransplant and that MDSC-IL13 subse-
quently lose suppressor function under GVHD conditions, resulting in
a failure to sustain a therapeutic benefit.
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Multiple MDSC-IL13 infusions improve GVHD long-term survival

To further investigate the limited suppressive function of MDSC in
our model of aGVHD, we first set out to determine if increasing the
dose of MDSC-IL13 could enhance survival. Increasing the ratio of
MDSC-IL13 to T cells during GVHD induction from 3:1 to 6:1 (23)
or 9:1 (33) at BM transplant did not significantly increase survival
(supplemental Figure 3). We hypothesized that suppressor function
was limited by GVHD-induced inflammation. To address this, we
investigated whether repetitive doses of freshly cultured MDSC-IL13
might promote or maintain a suppressive environment during the cru-
cial peritransplant period of T-cell priming during aGVHD. Three
infusions of culturedMDSC-IL13 were given on days 0, 3, and 6 post-
transplant, totaling an aggregate MDSC:T-cell ratio of 9:1. Multiple
MDSC-IL13 infusions promoted a cohort (50%) of long-term sur-
vivors vs,10%long-termsurvivorswhengiven a single day0MDSC-
IL13 infusion (Figure 1F). The observation that repeated infusions of
freshly culturedMDSC-IL13 augment survival supports the hypothesis
that the intense inflammatory environment found during the induction
of aGVHD does not affect MDSC persistence or viability but instead
changes the host environment so that transferred MDSC-IL13 are ef-
fectively less suppressive with time.

Associated conversion to IL-1b production and

inflammasome activation

Recent data have shown host NLRP3 inflammasome activity exac-
erbates GVHD in a murine model and that GVHD patients exhibit in-
creased levels of inflammasome-associated serum caspase-1 and

IL-1b.16Bruchard et al found thatMDSCsproduce IL-1bwhen exposed
to certain chemotherapeutic agents, resulting in an altered antitumor
response.17 To investigate the pathway-dependent mechanisms causing
the diminished suppressive activity of transferred MDSC-IL13 in
aGVHD, we focused on the MDSC-intrinsic activation of inflamma-
somes.Cell lysates fromMDSC-IL13 recovered fromGVHDconditions
on day 5 were probed for the processed p10 form of caspase-1, an up-
stream mediator of inflammasome activity. Western blot analyses
showed increased amounts of caspase-1 p10 in MDSC-IL13 recovered
from GVHD conditions relative to MDSC-IL13 recovered from BM
controls (Figure 2A-B). Further evidence for MDSC conversion to in-
flammasome activation was found when recovered MDSC-IL13 were
placed in complete media for an overnight culture; analysis of super-
natants demonstrate increased IL-1b fromGVHDconditions (Figure2C).
These data establish a correlation betweenMDSC-IL13 in the context of
aGVHD conditions and inflammasome activity.

MDSC-IL13 in vitro induction of IL-1b requires ASC

IL-1b can directly interfere with Treg-mediated suppression and pro-
motion of T-effector function.18 To investigate inflammasome activation
and IL-1b production inour system,weexamined invitro inflammasome
induction of cultured MDSC-IL13. NLRP3 and AIM2 represent 2
families of inflammasomes in which various signals can potentiate the
inflammasome cascade. However, reports suggest a common compo-
nent required for full activation is the adaptor protein ASC.14 Wild-
type andASC2/2 (Pycard2/2) BMwas used to generateMDSC-IL13
to test for inflammasome activity.19 At transfer, ASC2/2MDSC-IL13

Figure 1. BM-derived MDSC-IL13 enhance GVHD survival, but suppression is compromised after 5 days in vivo. (A) Lethally irradiated BALB/c recipients were given

1 3 107 C57Bl/6 BM (BM only), BM plus 2 3 106 CD25-depleted T-cells (GVHD), or BM, T cells, and 6 3 106 MDSC-IL13 (GVHD 1 MDSC) as indicated. Kaplan-Meier

survival curve represents 4 pooled and independent experiments (n 5 40 animals/group). GVHD vs GVHD 1 MDSC, P , .0001. (B-C) Surface expression of congenic

(CD45.21) MDSC-IL13 recovered from spleens 5 days after transfer to irradiated animals receiving BM only (no GVHD) or BM plus T cells (GVHD). Data represent 3

replicates per group with P , .001 for all markers shown. (D) Representative histograms indicating responding T-cell proliferation as denoted by CFSE dilution. Purified

MDSC-IL13 from pooled spleens 5 days after transplant were plated at 5 3 105/mL with an equal number of CFSE-labeled responder T cells, 0.25 mg/mL anti-CD3emAb, and

2.53 105/mL irradiated T-cell–depleted splenocytes in specially formulated 150 mM L-arginine RPMI media. Shaded histogram indicates proliferation of unstimulated controls.

Data are representative of 3 samples per group and a total of 3 independent experiments. (E) Summary data of recovered MDSCs showing viability and total cell numbers

recovered, gated CD11b1 CD45.21. Data represent 3 samples per group and are representative of 3 independent experiments. (F) Lethally irradiated BALB/c recipients

transplanted as above or given 3 consecutive infusions of MDSC-IL13 as indicated on days 0, 3, and 6. All mice receiving MDSCs demonstrated increased survival vs GVHD

(P , .001). MDSCs vs MDSCs on days 0, 3, and 6 (P , .0001). Survival curve represents 20 animals per group from 2 independent experiments and is representative of an

additional experiment giving multiple infusions on days 0, 7, and 14. ns, not significant.
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had a surface phenotype similar to wild-type MDSC-IL13 (supple-
mental Figure 4). TheNLRP3 inflammasomewas tested by incubating
MDSC-IL13 with LPS for 3 hours followed by ATP, whereas the
AIM2 inflammasome was engaged using LPS followed by poly(dT)
transfection. In as little as 1 hour after secondary stimuli, IL-1bwas de-
tected in culture supernatants fromwild-typeMDSC-IL13 (Figure 3A).
However, ASC2/2 MDSC-IL13 produced no detectable IL-1b, estab-
lishing that MDSC-IL13 are capable of rapidly responding to changes
in their environment to produce the proinflammatory mediator IL-1b
in an ASC-dependent fashion. We next determined if inflammasome
induction of MDSC-IL13 might alter their suppressive capacity. Fol-
lowing the same procedure used to induce inflammasomes in just
4 hours,MDSC-IL13were thenwashed extensively and plated in an in
vitro suppression assay of T-cell proliferation to anti-CD3e stimulation.
We observed that in vitro inflammasome induction reduces MDSC-
IL13’s ability to functionally suppress responding CD81 (Figure 3B)
and CD41 (supplemental Figure 5) T cells. Furthermore, this effect was
also dependent on ASC, supporting our hypothesis that inflammasome
activation and not compromised viability or othermaturation factors are
associated with a loss of suppressive function. To determine if ASC
deficiency was intrinsically associated with suppression of T-cell re-
sponses independent of inflammasome activity, BM-derived den-
dritic cellsweregenerated fromwild-typeandASC2/2donors andusedas
stimulators in an allogeneic mixed lymphocyte reaction assay. BALB/c
T effectors responded equivalently to dendritic cells regardless of

genotype (supplemental Figure 6), supporting a link between ASC-
associated inflammasome-mediated loss of function.

Inflammasome induction reduces efficacy of MDSC-IL13

in GVHD

Having demonstrated that MDSC-IL13 respond to in vitro inflamma-
some activation via either LPS plus ATP or LPS plus poly(dT)
transfection by rapidly producing IL-1b and that in vitro suppression
appears to be compromised by inflammasome activation, we sought to
determine if in vitro inflammasome-activated MDSC-IL13 also had
a diminished ability to promote survival in the setting of aGVHD. In
vitro cultured MDSC-IL13 were treated as above for activation of the
NLRP3 or AIM2 inflammasome, followed by extensive washing prior
to transfer into our aGVHD model. As seen for in vitro suppression,
inflammasome activation of MDSC-IL13 caused a diminution in the
GVHD survival benefit compared with control MDSC-IL13 therapy,
which significantly increased GVHD survival (P, .0001; Figure 3C).

Having implicated MDSC-IL13 conversion to a mature,
inflammasome-activated state after therapeutic transfer in the setting
of aGVHD, we hypothesized that using MDSC-IL13 genetically in-
capable of inflammasome activation would better maintain function
and further enhance GVHD survival. Indeed, survival of recipients
of ASC2/2 MDSC-IL13 was further improved relative to wild-type
MDSC-IL13 (P 5 .0006), and both had significantly better survival
than the no-MDSC group (Figure 3D). Furthermore, ASC2/2

MDSC-IL13 recovered from GVHD animals 5 days posttransfer had
increased T-cell–suppressive capacity compared with wild-type
MDSC-IL13 (Figure 3E). These findings together directly implicate
MDSC-IL13 intrinsic inflammasomeactivationunderGVHDconditions
as playing a role in limiting the efficacy of MDSC cellular therapy.

Previously, we have demonstrated that the mechanism for MDSC-
IL13–mediated suppression of GVHD is Arg1 activity, which directly
undermines T-cell responsiveness and promotes GVHD survival.8 To
determine whether arginase activity was reduced in concert with in-
flammasome induction we measured enzymatic bioactivity from
MDSC-IL13 after inflammasome induction.Amarked drop in arginase
activity as measured by either mRNA (not shown) or bio-enzymatic
activity was found when either NLRP3 or AIM2 inflammasomes were
induced (Figure 4A-B). A similar drop was not evident in ASC2/2

MDSCs, though there was a trend, suggesting that the pathways may
not be directly linked. To further investigate Arg1 activity specifically,
we used Arg1 reporter mice (YARG), in which Arg1 expression is
linked to yellow fluorescent protein (YFP) expression, allowing us to
quickly assay for an associated loss of expression.20 Using this system,
we found IL-13 readily upregulated YFP fluorescence as expected,
whereas interferon-g (which induces inducible nitric oxide synthase–
expressingMDSCs) did not increase YFP fluorescence (Figure 4C-D).
As above, inflammasome induction via NLRP3 or AIM2 pathways
resulted in a concomitant loss of YFP fluorescence, indicating Arg1
expression had been arrested in association with inflammasome in-
ducing conditions. Finally, MDSC-IL13 generated from YARG
transgenic animals were applied to our transplant model, given either
BM only or BM plus whole T cells for GVHD conditions. YFP
fluorescence from MDSCs recovered from BM-only animals on
day 5 was reduced relative to expression immediately after culture
but still readily detected above background (Figure 4E). However,
inMDSC-IL13 recovered fromGVHDanimals, YFPwas no longer
detectable, being reduced to background levels seen in unstimu-
lated YARG transgenic BM. These results further support our con-
clusions and link an associated loss ofArg1 expression to inflammasome
activity during GVHD.

Figure 2. Inflammasome activity evident in recovered MDSCs. (A) Western blot

of cell lysates from recovered wild-type or ASC2/2 MDSC-IL13 probed for the active

p10 form of caspase-1 and b-actin. ImageJ software was used to convert to grayscale

and straighten and crop the gel image to highlight lanes of interest according to size.

(B) Caspase-1 p10 blot quantification relative to b-actin; GVHD vs all other groups

(P , .05). Quantification was carried out on scanned blots by densitometric analysis

from ImageJ software (National Institutes of Health). (C) IL-1b enzyme-linked immunosor-

bent assay (ELISA) of supernatants after day 5–recovered MDSC-IL13 were plated in

complete RPMI media overnight; GVHD vs all other groups (P , .05). Dotted line

indicates limit of ELISA detection. All data are representative of 2 independent

experiments. wt, wild-type.

1624 KOEHN et al BLOOD, 24 SEPTEMBER 2015 x VOLUME 126, NUMBER 13

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/126/13/1621/1388597/1621.pdf by guest on 19 M

ay 2024



MDSC are often defined as heterogeneous, with 2 major subsets
described in murine systems being granulocytic (Ly6G1) and mono-
cytic (Ly6C1G2).7 At the time of transfer, we noted that while.90%
are Ly6C1, a majority of our cultured MDSC-IL13 have an Ly6Gdim

phenotype, with a minor subset (,30%) exhibiting increased Ly6G1

staining (supplemental Figure 4). To determine whether each subset
had a similar capacity for inflammasome activation and how suppressor
capacitymight be differentially affected,MDSC-IL13were sorted based
on Ly6G expression (supplemental Figure 7). NLRP3 inflammasome-
activating conditions (LPS1 ATP) lead to equivalent levels of IL-1b
production for both Ly6C1G2 monocytic and Ly6G1 granulocytic
subsets (Figure 4F). However, when applied to an in vitro suppression
assay independent of inflammasome activation, we found that suppres-
sor capacitywas contained virtually in its entiretywithin the Ly6C1G2

monocytic subset (Figure 4G),which is consistentwithour recent report
of MDSCs generated with IL-6 and GM-CSF5; furthermore, Arg1 bio-
activity was associated with the monocytic subset (Figure 4H). Thus,
although each subset appears to have an equal capacity for inflammasome-
mediated production of IL-1b, arginase activity and suppressive capacity
are primarily associated with the monocytic (Ly6C1G2) subset. These
results suggest that further enrichment of the monocytic product would
likely enhance overall therapeutic potential.

Human cultured MDSCs lose function when their

inflammasome is activated

To investigate whether human MDSC might have a similar predispo-
sition toward inflammasome-activated loss of function as found with
murine MDSCs, we generated MDSCs from peripheral blood
mononuclear cells (PBMCs) using amodifiedmethod fromapublished

protocol.21 Human PBMCs, enriched for the myeloid marker CD33,
were cultured for 7 days with GM-CSF and IL-6. Under these con-
ditions, human MDSCs suppressed anti-CD3e mAb-driven prolifera-
tion of unrelated PBMC responders.22 We confirmed that human
MDSCs are capable of responding to inflammasome-activating condi-
tions by adding LPS followed by ATP to engage the NLRP3 inflam-
masome. As expected, both LPS and ATP are needed to drive MDSC
production of IL-1b (Figure 5A). Next, inflammasome-activated
MDSCswere added to the anti-CD3emAb-driven PBMCproliferation
assay. As in the murine system, MDSCs exposed to inflammasome-
activating components (Stim 1 Infl. Tx’d) lost suppression concom-
itant with IL-1b production (Figure 5B-C).

Discussion

Alloreactive T cells are a major contributing factor to morbidity and
mortality in clinical GVHD, and the use of regulatory cell therapy is
gaining traction as a viablemeans to bring them under control.MDSCs
can be generated from normal BM in a relatively short amount of time
and have been shown to effectively suppress GVHD8,23 as well as
autoimmunity24 and allograft rejection.25,26 In our studies, we have
found that MDSCs activated by the cytokine IL-13 produce Arg1 that
is in turn critical to their ability to suppress GVHD.8 However, in
a stringent GVHD model with full major histocompatibility complex
mismatching, MDSC therapy promotes extended survival but fails to
ultimately protect a majority of animals from lethal GVHD. Here, we
demonstrate that intrinsic inflammasome activation of adoptively
transferred MDSCs limits their efficacy in vivo. We establish that

Figure 3. In vitro inflammasome induction in MDSCs leads to loss of suppressor function. Inflammasome induction in freshly cultured wild-type and ASC2/2

MDSC-IL13 was carried out by adding 0.2 mg/mL LPS for 3 hours, followed by addition of 2 mM ATP or 0.8 mg/mL poly(dT) transfection. (A) Culture supernatants were

harvested after an additional 1 hour and assayed for IL-1b production by ELISA. Data are representative of 3 independent experiments. (B) Inflammasome-induced MDSC-IL13

were washed extensively and plated in a CFSE suppression assay at a 1:1 ratio; data are representative of gated CFSE-labeled CD81 responder T cells (n5 6 samples/group from

2 independent experiments). NLRP3 indicates LPS1 ATP treatment, and AIM2 indicates LPS1 poly(dT) treatment; gray histogram represents the no-MDSC proliferation control.

Gated CD41 responder T cells shown in supplemental Figure 5. (C) Kaplan-Meier survival curve of the C57Bl/6→ BALB/c GVHDmodel using inflammasome-induced MDSC-IL13,

treated as above. MDSC v no MDSC P, .0001, MDSC vs MDSC AIM2 P, .0001, MDSC v MDSC NLRP3 P5 .0029. Data represent n5 18 animals per group, combined from 2

independent experiments. (D) Kaplan-Meier survival curve of GVHD using MDSC-IL13 generated from either wild-type or ASC2/2 mice as indicated. Data represent n 5 30

animals per group in 3 independent experiments. MDSC vs no MDSC P 5 .0399, MDSC vs ASC2/2 MDSC P 5 .0006. (E) Histograms represent % divided CFSE-labeled

responding T-cells when plated against recovered wild-type or ASC2/2 MDSC-IL13 from day 5 posttransplant at a ratio of 1:1 and collected on day 3. Significant P values (, .05)

were found when comparing any single group to wild-type MDSC-IL13 recovered from GVHD mice. Data are representative of 2 independent experiments. wt, wild-type.
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cultured MDSCs are capable of rapidly responding in an ASC-
dependent fashion to produce significant amounts of IL-1b, resulting in
an associated loss of suppression in vitro. Furthermore, shortly after in
vivo transfer, MDSCs in the context of aGVHD convert to a mature
CD11c1 phenotype and demonstrate a loss of ex vivo suppressive
capacity. These cells have increased amounts of an important indicator
of inflammasome activation, caspase-1 p10, and secrete IL-1b when
placed in culture overnight, unlike controls under non-GVHD con-
ditions. Finally, when inflammasome activation is genetically ablated
using ASC2/2MDSC-IL13, GVHD survival is further improved over
wild-type MDSC-IL13 transplant recipients and recovered ASC2/2

MDSC-IL13 maintain better ex vivo suppressive capacity.
Myeloid cells play a critical role in initiating and shaping immune

responses in both pro- and anti-inflammatory directions and demon-
strate remarkable plasticity.27-29 This adaptability may be both
a blessing and a curse, in that it allows us to rapidly generate highly
suppressive cells from normal BM in vitro yet permits the transient
efficacy seen upon transfer to a severe inflammatory environment such
as aGVHD. Although MDSCs are described as heterogeneous in na-
ture and phenotypic markers do not always translate between disease
models or species,28,30 inflammasome-activation pathways appear to
be highly conserved, and in this study, we find that MDSCs generated
from mouse BM or human PBMCs readily activate inflammasomes,
resulting in IL-1b production that then correlates to a loss of suppressor
function. Our finding that the monocytic (Ly6C1G2) subset is pri-
marily responsible for suppressive capacity of cultured MDSC-IL13
has implications for future studies aimed at improving the therapeutic
potential of cultured MDSCs. Interestingly, the ratio of monocytic to

granulocytic cells at the time of transfer (roughly 2:1; supplemental
Figure 4) is inverted by day15 posttransplant (Figure 1B). Due to the
limited recovery, it was not feasible to further sort these cells; however,
future studies will be aimed at addressing the tempo of phenotypic and
functional changes for MDSCs in the context of GVHD as well as
varied conditioning regimens.

Reports have demonstrated cleaved caspase-1 and increased IL-1b
in patients with aGVHD, further supporting the conclusion that GVHD
is associated with inflammasome activation.16 MDSCs are nearly
ubiquitously associated with established tumors and actively perturb
immune therapy interventions.3,25 An important distinction between
tumor- andGVHD-induced inflammasomeactivationofMDSCs is that
tumor-associated MDSC development occurs in the setting of chronic
localized inflammation,3 in contrast to the intense, systemic inflam-
matory response ofGVHD. It will be of interest to better understand the
inciting signals for these divergent effects that are dependent upon the
milieu in which MDSCs reside.

Because GVHD-activatedMDSCs secrete IL-1b, it is possible that
suchMDSCscontributed to theGVHDlethality process.Earlier studies
examining the IL-1 pathway inGVHD found an important role for IL-1
in the initiation of aGVHD.31 IL-1b has pleiotropic effects dependent
on the cell producing it, the state of the surroundingmicroenvironment,
and temporal expression, but it is generally understood to be proin-
flammatory and, in some instances, counterregulatory.18,32 When
MDSC-IL13 recovered from day 5 GVHD transplant recipients are
applied to an in vitro suppression assay, the proportion of T cells
proliferating was not different from no-MDSC controls, although
proliferating T cells underwent fewer cell divisions, suggesting

Figure 4. Inflammasome induction in MDSC associated with loss of Arg1 expression. MDSC-IL13 were induced for NLRP3 or AIM2 inflammasomes as indicated,

washed extensively, and replated in complete media overnight. (A) Enzymatic activity of cell-associated arginase for wild-type or (B) ASC2/2 MDSCs, normalized to total cell

number. Data are pooled from 2 independent experiments. MDSCs generated from YARGmice, followed by in vitro induction of inflammasomes (as previously discussed) and

replating in complete media. (C) YFP fluorescence for CD11b-gated MDSCs after 2 additional days in culture indicated as representative histograms (shaded histogram

represents unstimulated BM from YARG donor) and (D) summary data of % YFP1. (E) YFP detection for MDSC-IL13 recovered from day 5–transplanted animals with BM

only (no GVHD) or BM plus whole T cells (GVHD). YARG BM (YFP-Arg1 bone marrow) indicates baseline YFP fluorescence. (F) IL-1b production before and after NLRP3

(ATP 1 LPS) inflammasome activation for bulk MDSC-IL13 or sorted granulocytic Ly6G1C1 (Ly6G1) and monocytic Ly6C1 subsets. (G) CFSE proliferation of anti-CD3e
driven CD81 B6 T cell responses in the presence of sorted granulocytic (Ly6G1) or monocytic (Ly6C1) subsets of MDSC-IL13 at a 1:1 ratio. (H) Cell-associated arginase

bioactivity for bulk MDSC-IL13 and sorted granulocytic (Ly6G1) or monocytic (Ly6C1) subsets. The dashed line indicates background activity for Arg1-deficient splenocytes.

Data regarding MDSC subsets are representative of 3 independent experiments.
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some suppressive capacity remained. These data suggest that
GVHD-activated MDSC-IL13 did not directly drive GVHD lethality,
consistent with the finding that survival curves inMDSC-IL13–treated
recipients paralleled those of no-MDSC controls after a 2- to 3-week
delay. Although IL-18 can also be produced by activated inflam-
masomes33,34 and is also produced during clinical GVHD, several
reports have found IL-18 actually attenuates GVHD.35,36 However, we
have been unable to detect active IL-18 secretion from in vitro or ex
vivo inflammasome-activated MDSCs (not shown). Thus, we do not
favor a role of IL-18 inGVHDsuppression by inflammasome-activated
MDSCs. In contrast,Arg1 expression,whichwehave previously shown
is critical for the survival benefit conferred by MDSC-IL13 during
adoptive transfer,8 was inhibited in inflammasome-activated MDSCs,
potentially accounting for the loss of suppression by donor MDSCs.

Members of the NLR family of inflammasome mediators, such as
NLRP3, are likely candidates for promoting inflammasome conversion
under GVHD conditions, as both ATP37 and associated danger signals
are found after conditioning and are known to play a role in enhancing
GVHD.16,38,39 In a preliminary study using a nonconditioning model
(BALB/c Rag22/2g/c2/2 recipients) of aGVHD, we found that wild-
type and ASC2/2 MDSC-IL13 performed similarly in enhancing
survival (supplemental Figure 8). These findings implicate the con-
ditioning regimen in concert with allo–T effectors as mediators of
inflammasome-mediated loss of function, and future studies will be
aimed at alternative induction protocols. NLRP3 inflammasome acti-
vation in the context of GVHD has been demonstrated for both ra-
diotherapy and chemotherapy induction protocols, resulting in tissue
damage and release of danger-associated molecular patterns.16,37 Our
findings show that adoptively transferred MDSCs are also susceptible
to inflammasome induction, and the same mediators are likely to con-
tribute to in vivo activation. Reagents selectively targeting the NLRP3
inflammasome may be worth exploring for the dual purpose of inhib-
iting inflammasome activation in the host and infused donor MDSCs.
MCC950,40 a small-molecule inhibitor, and b-hydroxybutyrate,41

a ketone produced under metabolic stress, have demonstrated speci-
ficity toward suppressed NLPR3 activation and NLRP3-mediated
diseases. Alternatively, viral and bacterial products, such as dsDNA,
can also be potent drivers of both GVHD and the AIM2-like receptor
family of inflammasomes. Although GVHD development is not

dependent on host MyD88/TRIF pathway activity,42 the release of
dsDNA by dead/dying cells from radiation and GVHD-induced
injury may amplify lethality under some conditions.42,43

Taken together, our data indicate that for the translational potential
of donor MDSCs to be fully realized, inhibition of intrinsic inflam-
masome activation that occurs during the intense inflammatory envi-
ronment of GVHD should be addressed. Until such a time as in vivo
approaches for inhibiting inflammasome activation are available,
multiple MDSC doses given during crucial early stages of allo–T-cell
priming can be used to provide more continuous suppression by
“replacing” MDSCs that have already experienced inflamma-
some activation.
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Figure 5. Inflammasome induction in human MDSC interferes with their suppressor function. Human MDSCs were generated from donor PBMCs. (A) IL-1b ELISA of

supernatants from MDSCs treated with 0.2 mg/mL LPS for 3 hours followed by 2 mM ATP for 1 hour prior to harvest. Data are representative of 2 independent experiments.

(B) Representative histograms of responder PBMCs labeled with CellTrace Violet (Life Technologies) in the presence of cultured human MDSCs from unrelated donors

indicated by solid line. Dotted line indicates no-MDSC proliferation control, gray histogram indicates PBMCs alone (no CD3e or MDSCs). No Stim represents the alloresponse

against MDSCs with no anti-CD3e. Stim indicates addition of anti-CD3emicrobeads (2:1)1 IL-2 (100 U/mL) to demonstrate MDSC suppression of T-cell activation. Stim1 Infl. Tx’d

indicates MDSCs have been treated for inflammasome activation prior to plating with anti-CD3e microbeads 1 IL-2. (C) Aggregate data show percent division of responding CD8

and CD4 T cells. Data represent responses from 3 unrelated PBMC donors and are representative of 2 independent experiments.
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