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Key Points

• Low doses of adoptively
transferred third-party CD41

iNKT cells protect from lethal
GVHD while preserving graft-
versus-tumor effects.

• Third-party CD41 iNKT cells
are rejected early after
transplantation yet protect
from GVHD lethality through
donor Tregs.

Graft-versus-host disease (GVHD) is driven by extensive activation and proliferation of

alloreactivedonorTcells causingsignificantmorbidityandmortality followingallogeneic

hematopoietic cell transplantation (HCT). Invariantnatural killer T (iNKT)cells areapotent

immunoregulatory T-cell subset in both humans and mice. Here, we explored the role of

adoptively transferred third-party CD41 iNKT cells for protection from lethal GVHD in a

murine model of allogeneic HCT across major histocompatibility barriers. We found that

low numbers of CD41 iNKT cells from third-party mice resulted in a significant survival

benefitwith retainedgraft-versus-tumor effects. In vivo expansionof alloreactiveTcells

was diminished while displaying a T helper cell 2-biased phenotype. Notably, CD41

iNKT cells from third-party mice were as protective as CD41 iNKT cells from donor

mice although third-party CD41 iNKT cells were rejected early after allogeneic HCT.

Adoptive transfer of third-partyCD41 iNKT cells resulted in a robust expansionof donor

CD41CD251FoxP31 regulatoryTcells (Tregs) thatwere required forprotection from lethal

GVHD. However, in vivo depletion of myeloid-derived suppressor cells abrogated both

Treg expansion and protection from lethal GVHD.Despite the fact that iNKT cells are a rare cell population, the almost unlimited third-

party availability and feasibility of in vitro expansion provide the basis for clinical translation. (Blood. 2015;125(22):3491-3500)

Introduction

Allogeneic hematopoietic cell transplantation (HCT) is a widely used
curative therapy for patients with hematologic malignancies and
congenital hematopoietic, immunologic, and metabolic disorders.
Beneficial graft-versus-tumor (GVT) effects are mediated by donor
T lymphocytes. However, alloreactive donor T cells cause graft-
versus-host disease (GVHD) after stimulation by antigen-presenting
dendritic cells in a proinflammatory environment resulting in tissue
injury.1-3 Clinical manifestations of GVHD and immunosuppressive
therapy are associated with significant morbidity, mortality, and a re-
duced quality of life outweighing some benefits of allogeneic HCT.4

Invariant natural killer T (iNKT) cells are a small but potent immu-
noregulatory T-lymphocyte subset characterized by the expression of
a semi-invariant T-cell receptor (TCR) in humans (TCRaVa24-Ja18)
and mice (TCRa Va14-Ja18).5,6 Preclinical animal models and clin-
ical studies revealed that minimal intensity conditioning with total
lymphoid irradiation (TLI) and antithymocyte globulin (ATG) re-
sults in a relative expansion of host iNKT cells which protect
from GVHD and promote tolerance toward allogeneic solid organ
transplants.7-13Moreover, adoptively transferred donor CD41 iNKT
cells prevent lethal GVHD after myeloablative conditioning, followed
by allogeneic HCT across major histocompatibility barriers.14 In
contrast to conventional CD41 and CD81 T cells, the iNKT-cell

receptor and glycolipid-presenting molecule CD1d interaction is
highly conserved.15-20 Due to the paucity of cells, clinical trans-
lation may be accelerated through the availability of a ready source
of iNKT cells from third-party donors. Therefore, we explored the
role of adoptively transferred third-party CD41 iNKT cells in a mu-
rine model of allogeneic HCT.

In the present study, we elucidate the immunoregulatory interplay
between third-party CD41 iNKT cells, donor CD41CD251FoxP31

regulatory T cells (Tregs), donor myeloid-derived suppressor cells
(MDSCs), and alloreactive T cells, to prevent lethal GVHD while
preserving GVT effects. Moreover, we shed light on the survival of
donor and third-party CD41 iNKT cells after adoptive transfer. Our
findings highlight potent immunoregulatory and tolerogenic proper-
ties of iNKT cells and provide the basis for clinical translation.

Methods

Mice

Gender-matched female ormalemice between10 and14weeks of agewere used
for all experiments. BALB/c (H-2Kd), C57BL/6 (H-2Kb), and FVB/N (H-2Kq)
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mice were purchased from The Jackson Laboratory. Luciferase (luc), Thy1.1,
and CD45.1-expressing C57BL/6 mice, as well as luc and green fluorescent
protein (GFP)-expressing FVB/N mice were generated as described previ-
ously.21 C57BL/6 albino FoxP3 mutant mice expressing diphtheria toxin
(DT) receptor, GFP, and luc (FoxP3DTR/GFP/luc) were a kind gift from
Dr Günter J. Hämmerling (Heidelberg, Germany) and bred in our animal
facility.Animal protocolswere approvedby the InstitutionalAnimalCare and
Use Committee of Stanford University.

Cell isolation

For the isolation of donor and third-party CD41 iNKT cells, spleens from the
respective mice were dispersed in phosphate-buffered saline (PBS) (Life Tech-
nologies) with 2% fetal calf serum (Life Technologies) into single-cell sus-
pensions, red blood cells were lysed with ammonium chloride buffer, and Fc
receptor block (Miltenyi Biotec) was applied before B cells were depleted with
CD45R (B220) MicroBeads (Miltenyi Biotec). iNKT cells were stained with
PBS-57-CD1d tetramer phycoerythrin (National Institutes of Health) and
enriched with anti-phycoerythrin MicroBeads (Miltenyi Biotec). After
magnetic-activated cell sorting, cells were stained for TCR-b and CD4 and
further purified on a FACSAria II cell sorter (BD Biosciences). Donor CD41

and CD81 conventional T cells (Tcons) were prepared from splenocytes and
lymph nodes, and enrichedwith CD4 andCD8MicroBeads (Miltenyi Biotec).
T-cell–depleted bone marrow (TCD-BM) cells were prepared by flushing
murine tibiae and femora with PBS supplemented with 2% fetal calf serum,
followed by depleting T cells with CD4 and CD8 MicroBeads (Miltenyi
Biotec). Lymphocytes were isolated from GVHD target tissues for analysis.
Livers were dispersed and residual red blood cells were lysed with ammo-
nium chloride buffer. Intrahepatic lymphocyteswere isolated through density
centrifugation with Percoll (GE Healthcare). Intestines were flushed with
PBS and dissected into pieces before intestinal lymphocytes were isolated
through tissue digestion with 1 mg×ml21 collagenase IV (Life Technologies)
for 30 minutes. Skin from tail and ears was cut into pieces and digested with
1 mg×ml21 collagenase IV (Life Technologies) for 60 minutes.

Treg depletion from the BM graft

On days 22 and 21, FoxP3DTR/GFP/luc C57BL/6 albino mice were injected
intraperitoneally (IP) with 50mg×kg21 DT (Sigma-Aldrich) dissolved in PBS to
deplete FoxP3-expressing cells. Control mice were injected with PBS only. On
day0, secondary lymphoid organswere harvested andprocessed to isolateTcons
as described previously. TCD-BM and CD41 iNKT cells were derived from
untreated C57BL/6 or FVB/N mice.

Allogeneic BM transplantation

BALB/c recipient mice were treated with lethal total body irradiation
(200 kV radiograph source; Kimtron) consisting of 2 doses of 4.0 Gy admin-
istered 4 hours apart. On the same day, 5.03 106 TCD-BMcells were injected
via tail vein together with 1.0 3 106 Tcons from C57BL/6 or FVB/N mice.
Donor or third-party CD41 iNKT cells were co-injected on day 0. Transplanted
animals were housed in autoclaved cages with antibiotic food (trimethoprim
and sulfadiazine; Harlan). GVHD scores were assessed as described previ-
ously.22 Briefly, weight, fur, skin, activity, and posture were evaluated and
a score from 0 to 2was assigned to each characteristic, resulting in amaximal
GVHD score of 10.

In vivo depletion of MDSCs

To depleteMDSCs, BALB/c recipient mice were injected IP with 10mg×g21

Ly-6G monoclonal antibody (clone RB8-8C5, Bio X Cell) dissolved in PBS
on days 0 and 11. Control mice were injected with the respective isotype
control (Bio X Cell).

Tumor model

To investigate GVT activity, we used A20 lymphoma cells and B-cell lym-
phoma (BCL)-1 cells with both expressing the luc gene (luc1). In the first
model, 1.03 104 luc1 A20 lymphoma cells were injected IV into BALB/c
recipients together with TCD-BMafter lethal total body irradiation on day 0.

In the second model, 3000 luc1 BCL-1 cells were injected IV into BALB/c
recipients 7 days before allogeneic HCT. After transplantation, the tumor
burden of recipient animals was assessed by bioluminescence imaging
(BLI).

Histopathology

Tissues were fixed in 10% neutral buffered formalin and processed routinely
formicroscopic examination after stainingwith hematoxylin and eosin (H&E).
Stained tissue sections were evaluated for GVHD with an Olympus BX41
microscope (Olympus) by a board-certified veterinary pathologist who was
blinded to the experimental groups. Representative digital photomicrographs
were taken using an Axioskop 2 Plus microscope (Carl Zeiss) with a Nikon
DS-Ri1 digital microscope camera and NIS-Elements imaging software
(Nikon).

Flow cytometric analysis

PBS-57–loaded and unloaded murine CD1d tetramers were obtained from the
National Institutes of Health Tetramer Facility. The following antibodies were
purchased from BD Biosciences, eBioscience, or BioLegend: TCR-b (H57-
597), CD3 (145-2C11), CD4 (GK1.5), CD19 (6D5), CD11b (M1/70), Gr-1
(RB6-8C5), CD49b (DX5), TER-119 (TER-119), CD45.1 (A20), CD45.2
(104), Thy-1.1 (OX-7), H-2Kd (AF6-88.5.5.3), H-2Kb (AF6-88.5), H-2Kq

(KH114), CD25 (PC61), FoxP3 (FJK-16s), Helios (22F6), murine interferon g
(XMG1.2), murine tumor necrosis factor a (MP6-XT22), and murine inter-
leukin (IL)-4 (11B11). Isotype controls were purchased from the respective
vendors. To stain dead cells, LIVE/DEAD Fixable Dead Cell Stain (Life
Technologies) was used. To gate onMDSCs, lineage negative was defined as
CD32CD192CD49b2Ter1192. Data were acquired on a LSR II flow
cytometer (BD Biosciences) and analysis was performed with FlowJo
software 10.0.7 (Tree Star, Ashland, OR).

Cell proliferation assay

For analysis of cell proliferation, sorted GFP1CD41 iNKT cells were stained
with CellTraceViolet Cell ProliferationKit (Life Technologies) according to the
manufacturer’s instructions prior to injection into lethally irradiated BALB/c
mice, together with TCD-BM and Tcons. Data were acquired on a LSR II flow
cytometer (BD Biosciences) and analysis was performed with FlowJo software
10.0.7 (Tree Star).

BLI

BLIwasperformedasdescribedpreviously.23Briefly,firefly luciferin (Biosynth)
was injected IP 10 minutes prior to image acquisition with an IVIS 100 Imaging
System (Xenogen). Images were analyzed with Living Image software 4.2
(Xenogen).

Cytokine analysis

For intracellular cytokine staining (ICS), cells were stimulated with phorbol
myristate acetate (Sigma-Aldrich) and ionomycin (Sigma-Aldrich) as de-
scribed previously.14 Monensin (BD Biosciences) was used to block cellu-
lar protein transport. After staining surface antigens, cells were fixed and
permeabilized (eBioscience) prior to staining of intracellular and intra-
nuclear antigens. For quantitative measurement of serum cytokines, whole
blood from recipient mice was obtained through puncture of the heart after
euthanasia.Murine serawere stored at220°C until theywere analyzedwith
a multiplex assay (Luminex).

Statistical analysis

Differences in animal survival (Kaplan–Meier survival curves) were analyzed
with the log-rank test. All other comparisonswere performedwith the Student
t test. P, .05 was considered statistically significant.
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Results

Third-party CD41 iNKT cells protect from GVHD

We investigated the role of third-party CD41 iNKT cells in a murine
model of allogeneic HCT across major histocompatibility barriers.
BALB/c (H-2Kd) recipientmicewere lethally irradiatedwith 234Gy,
followed by transplantation of 5.03 106 TCD-BMcells and 1.03 106

Tcons from C57BL/6 (H-2Kb) donor mice via tail vein injection

which induced lethal GVHD. The adoptive transfer of 5.0 3 104

CD41 iNKT cells (purity . 95%) from FVB/N (H-2Kq) third-party
mice (median yield per spleen: 4.23 105 cells, 95%CI6 0.53 105,
n5 10) or C57BL/6 (H-2Kb) donor mice (median yield per spleen:
2.13 105 cells, 95% CI 6 0.23 105, n5 10) on day 0 resulted in
a significant survival benefit comparedwithmice that receivedTcons
alone (both P , .001, Figure 1A). Likewise, recipient animals dis-
playedhigher bodyweights and improvedGVHDscores (Figure1B-C).
Interestingly, we found that third-party CD41 iNKT cells were as

Figure 1. Third-party CD41 iNKT cells protect from lethal GVHD. BALB/c recipient mice were irradiated with 2 3 4 Gy, followed by transplantation of 5.0 3 106 TCD-BM cells and

1.0 3 106 Tcons from C57BL/6 donor mice. In addition, 5.0 3 104 CD41 iNKT cells from C57BL/6 donor or FVB/N third-party mice were transferred together with the graft. (A) Overall

survival pooled from 2 independent experiments with 10 mice per group except irradiation control (n 5 5). (B) Weight and (C) GVHD score from 1 of 2 independent experiments with

5 animals per group except irradiation control (n 5 3). Error bars indicate standard error of the mean (SEM). (D) Photomicrographs of small intestines, large intestines, haired skin, and

liver at day 125. Small intestinal histology is normal in BM mice with presence of regularly-shaped and -sized villi, regularly-spaced and -sized intestinal crypts, presence of a regular

complement of enterocytes (including goblet cells), and absence of any significant inflammation in the lamina propria and submucosa. In Tcon mice, there are many apoptotic cells in the

crypt epithelium (black arrows), which appear as shrunken, hypereosinophilic, round bodies with pyknotic nuclei. Mild-to-moderate lymphoplasmacytic inflammation (black asterisks) is

also present in the lamina propria and/or submucosa of the same mice, causing mild separation of the intestinal crypts. Third-party CD41 iNKT-cell–treated mice have essentially normal

small intestines when compared with the BM control mice, except for the presence of mild inflammatory infiltrates in the lamina propria (black asterisks). H&E stain; original magnification

3400; bar 5 50 mm. Large intestinal histology is normal in BM control and third-party CD41 iNKT-cell–treated mice with presence of regularly-spaced and -sized intestinal glands,

presence of a regular complement of enterocytes (including goblet cells), and absence of any significant inflammation in the lamina propria and submucosa. In Tcon mice, there is

marked lymphoplasmacytic inflammation (black asterisks) in the lamina propria and/or submucosa associated with the loss of intestinal glands. The remaining intestinal glands are

abnormal with loss of goblet cells and presence of many apoptotic cells (black arrow), which appear as shrunken, hypereosinophilic, round bodies with pyknotic nuclei. H&E stain; original

magnification 3400; bar 5 50 mm. The BM control and third-party CD41 iNKT-cell–treated mice have normal histology of the skin with an intact, thin epidermis and a thick layer of

subcutaneous adipose tissue (white asterisks). In the Tcon mice however, there is mild interface damage of the epidermis (as evidenced by apoptotic keratinocytes; black arrows) and

mild-to-complete atrophy of the subcutaneous adipose tissue (black asterisks). A mild dermal inflammatory infiltrate is also noted within the Tcon mice. H&E stain; original magnification

3200 (inset magnification3400); bar5 100 mm. The BM control and third-party CD41 iNKT-cell–treatedmice have normal liver histology, with portal triads containing a single portal vein

(white asterisks), and one or two bile ductules (white arrows). The livers of Tcon mice also appear essentially normal, except for some minimal lymphoplasmacytic inflammation in

periportal interstitial tissues (black arrows) and mild proliferation/hyperplasia of bile ductules. H&E stain; original magnification 3200; bar5 100 mm. BMT, bone marrow transplantation.
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protective as CD41 iNKT cells isolated from donor C57BL/6 mice,
as no significant differences in survival (P 5 .50), body weight
(P5 .94), and GVHD score (P5 .64) were observed between these
2 groups (Figure 1A-C). Our results were confirmed in a different
mouse strain combination (see supplemental Figure 1 on the Blood
Web site). Histopathologic examination of GVHD target tissues
revealed reduced severity of GVHD in mice receiving adoptively
transferred third-party CD41 iNKT cells (Figure 1D). In conclusion,
low numbers of third-party CD41 iNKT cells protect from lethal
GVHD with their effectiveness being comparable to donor CD41

iNKT cells. Importantly, adoptive transfer of third-party CD41

iNKT cells preserved GVT effects in 2 independent lymphoma
models (supplemental Figure 2).

Third-party CD41 iNKT cells inhibit Tcon proliferation and

promote T helper 2 (Th2)-biased immune responses in vivo

GVHDpathophysiology is characterized by activation and extensive
proliferation of alloreactive donor T cells in secondary lymphoid
organs, followed by infiltration and destruction of GVHD target

tissues.24,25The release of proinflammatoryTh1 cytokines (eg, IFN-g)
by T cells perpetuates the cycle of alloreactivity. Using BLI, we as-
sessed theproliferationof alloreactiveTconsderived from luc1C57BL/6
donor mice with and without adoptive transfer of 5.03 104 CD41

iNKT cells from donor C57BL/6 mice and third-party FVB/Nmice,
respectively. We found significantly lower bioluminescence sig-
nals in animals treated with CD41 iNKT cells from donor (day17:
P 5 .002; day 110: P 5 .006; day 120: P 5 .04) and third-party
(day17: P5 .008; day110: P5 .03; day120: P5 .05) mice com-
pared with animals that received Tcons only (Figure 2A-B). Therefore,
adoptively transferred third-party CD41 iNKT cells inhibit expan-
sion of alloreactive T cells in vivo comparable to donor CD41 iNKT
cells. In addition, we analyzed murine sera and re-isolated Thy1.11

CD41FoxP3- donor Tcons 10 days after allogeneic HCT and ana-
lyzed cytokine production with a multiplex assay and ICS, respec-
tively. Animals that were treated with third-party CD41 iNKT cells
showed significantly lower levels of murine tumor necrosis factor a
(multiplex: P 5 .01; ICS: P5 .40) and murine interferon g (multi-
plex: P , .001; ICS: P 5 .009) but significantly higher levels of
murine IL-4 (multiplex: P 5 .04; ICS: P 5 .04) compared with

Figure 2. Third-party CD41 iNKT cells inhibit Tcon proliferation and induce a Th2 immune phenotype. Photon emission of Tcons from luc1 C57BL/6 donor mice was

measured by BLI to assess the in vivo expansion capacity of alloreactive T cells in donor and third-party CD41 iNKT-cell–treated BALB/c recipient mice. (A) Representative

serial bioluminescence images. (B) Bioluminescence signal intensity time course. Error bars indicate SEM. Shown is 1 of 2 independent experiments with 5 mice per group.

(C) To determine alterations in immune polarization in third-party CD41 iNKT-cell–treated BALB/c recipient mice, murine sera, and Thy1.11CD41FoxP32 T cells from

spleens were analyzed at day 110 by multiplex assay and ICS, respectively. Error bars indicate SEM. Pooled data from 2 independent experiments with 6 mice

per group are shown. *P # .05; **P # .01; ***P # .001.
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animals that received Tcons only (Figure 2C). Consequently, third-
party CD41 iNKT cells bias donor T cells toward a tolerogenic Th2
phenotype while inhibiting their in vivo expansion.

Third-party CD41 iNKT cells promote an expansion of

donor Tregs

At day110, we found a significant relative (P, .001) and absolute
(P , .001) increase of Thy1.11 donor Tregs in BALB/c recipient
mice treated with FVB/N third-party CD41 iNKT cells in peripheral
lymph nodes, mesenteric lymph nodes, spleen, liver, gut, and skin,
compared with animals that received Tcons alone (Figure 3A). In-
terestingly, this expansion was similar to BALB/c mice that received
CD41 iNKT cells derived from C57BL/6 donor mice (Figure 3B).
We prepared Tcons from FoxP3DTR/GFP/luc C57BL/6 albino mice in
order to study the temporal and spatial characteristics of donor Treg
expansion. In this particular mouse strain, the expression of luc is
regulated by the FoxP3 promoter enabling the visualization of donor
Tregs through BLI. Bioluminescence intensity deriving from donor
Tregs was steadily increasing for the first 3 weeks in secondary
lymphoid organs and GVHD target sites in animals that were treated
with third-party CD41 iNKT cells (Figure 3C). The temporal and
spatial distribution of these Tregs resembles alloreactive donor Tcons
as they can be first found in the lymph nodes and spleen, followed by
the liver, gut, and skin. The bioluminescencepattern is similar to that of
untreated FoxP3DTR/GFP/luc C57BL/6 albino mice. We were able to fol-
low these Tregs for at least 8 weeks after allogeneic HCT (Figure 3C).
In contrast, we found a steadily decreasing BLI signal in animals that

received Tcons only, finally resulting in death from GVHD of all
BALB/c mice.

Donor Tregs expand from the graft and are required for

protection from GVHD lethality through third-party CD41

iNKT cells

Expression of the Ikaros nuclear transcription factor Helios is widely
recognized as amarker to distinguish thymus-derived natural Tregs
(nTregs) from peripherally induced Tregs.26,27 In our animal model,
third-party CD41 iNKT cells promoted the expansion of Helios1

donor Tregs (P5 .006), whereas no increase could be found within
theHelios- donor Treg subset (P5 .63, Figure 4A-B). These findings
indicate that the presence of donor Tregs within the graft is required
for Treg expansion. To test this hypothesis, we used FoxP3DTR/GFP/luc

C57BL/6 albino donor mice. Thereby, we generated Tcons that were
efficiently depleted of Tregs through IP injection of DT on days 22
and 21 before allogeneic HCT (Figure 4C). TCD-BM was derived
from untreated wild-type (WT) C57BL/6 mice. BALB/c mice that
were treated with CD41 iNKT cells from third-party mice failed to
efficiently expand donor Tregs when they received a graft that was
depleted of Tregs compared with mice that received a Treg non-
depleted graft (Figure 4D). Therefore, these Tregs derived from the
nTreg pool contained within the graft rather than being induced
from the naı̈ve T-cell compartment. Moreover, the adoptive trans-
fer of third-party CD41 iNKT cells did not provide protection from
lethal GVHD in mice that received a Treg-depleted graft. Only
animals that received a Treg nondepleted graft showed a significantly

Figure 3. Third-party CD41 iNKT cells promote an expansion of donor Tregs. (A) Relative and absolute numbers of donor Tregs from spleens of BALB/c recipient mice at

day 110. Error bars indicate SEM. Pooled data from 2 independent experiments with 6 mice per group are shown. (B) Representative dot plots gated on live Thy1.11CD41

donor T cells re-isolated at day 110 from BALB/c recipient spleens. Shown is 1 of 2 independent experiments. (C) BALB/c recipient mice received Tcons from FoxP3DTR/GFP/luc

C57BL/6 albino mice with and without CD41 iNKT cells from FVB/N third-party mice. Bioluminescence signals derive from luc1FoxP31 donor T cells. Shown is 1 of 2

independent experiments with 5 mice per group, as well as a representative bioluminescence image from one untreated FoxP3DTR/GFP/luc C57BL/6 albino mouse. The

† indicates that all animals from the respective group died or needed to be euthanized. ***P # .001. SSA, side scatter area.
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improved survival through adoptively transferred third-party CD41

iNKT cells (P , .001, Figure 4E). In conclusion, third-party CD41

iNKT cells mediate protection from GVHD lethality through expan-
sion of donor Tregs that are contained within the graft.

MDSCs are required for Treg expansion and protection from

lethal GVHD

MDSCs are immature cells of myeloid origin that harbor a variety
of immunoregulatory properties in the context of allogeneic HCT.28,29

Hongo et al recently described the importance ofMDSCs for tolerance
induction after TLI/ATG conditioning.30 In our model, the adoptive
transfer of third-party CD41 iNKT cells resulted in a relative and
absolute expansion of donor CD11b1Gr-1int MDSCs at day 110
(Figure 5A-C). To elucidate the relevance of MDSCs for Treg
expansion and GVHD amelioration, we depleted MDSCs by IP in-
jection of the monoclonal antibody RB8-8C5 into recipient ani-
mals at days 0 and11 (Figure 5D). Depletion ofMDSCs abrogated
both the expansion of donor Tregs (Figure 5E) and the protection
from lethal GVHD (P , .001, Figure 5F). Similar results were
found for adoptively transferred donor CD41 iNKT cells (data not
shown). We conclude that MDSCs are crucial for Treg expansion
and protection fromGVHD lethality through CD41 iNKT cells. Our
findings suggest a cascade of several distinct cellular interactions

that are required in order to result in immune tolerance after allo-
geneic HCT.

Adoptively transferred CD41 iNKT cells home to the recipient

liver and expand in vivo

In order to shed light on the traffickingpattern ofCD41 iNKTcells after
adoptive transfer, we purified these cells from the spleens of GFP1

FVB/N mice (Figure 6A). The expression of GFP allows for the re-
isolation of adoptively transferred CD41 iNKT cells from BALB/c
recipient mice independent of cellular activation that can be associ-
ated with TCR downregulation.31 We injected 1.0 3 105 GFP1

CD41 iNKT cells from FVB/N mice into BALB/c recipients,
together with 5.0 3 106 TCD-BM cells and 1.0 3 106 Tcons both
fromFVB/Nmice. At day15, wewere able to re-isolate GFP1 cells
via flow cytometry from recipient livers and to a lesser extent from
spleens. Twenty days later, we found an expanding population of
donor GFP1 CD41 iNKT in these two organs. At day125, GFP1

CD41 iNKT cells could be detected in recipient thymi as well
(Figure 6B). However, we could not re-isolate GFP1 cells from
lymph nodes, gut, or skin at any time point. In addition, we labeled
1.5 3 106 GFP1 CD41 iNKT cells with CellTrace Violet prior to
tail vein injection in order to illustrate cell divisions through decreas-
ingfluorescence intensitymeasured byflowcytometry.Different cell

Figure 4. Donor Tregs expand from the graft and

are required for protection from GVHD lethality. (A)

Representative histograms and (B) relative and abso-

lute numbers of Helios-expressing donor Tregs re-

isolated from recipient livers at day 110. Error bars

indicate SEM. Shown are 3 mice per group from 1 of 3

independent experiments. (C) FoxP3DTR/GFP/luc C57BL/6

albino donor mice were injected IP with DT to deplete

these mice of Tregs. Dot plots are gated on live TCR-b1

CD41 T cells and show representative examples of

Tcons prepared from mice treated with PBS only or DT

dissolved in PBS. (D) Relative and absolute numbers of

donor Tregs re-isolated from spleens of BALB/c mice at

day 110. Mice received either a Treg-nondepleted or

Treg-depleted BM graft with or without adoptive transfer

of 5.0 3 104 FVB/N third-party CD41 iNKT cells. TCD-

BM and third-party CD41 iNKT cells derive from un-

treated WT C57BL/6 mice. Error bars indicate SEM.

Three animals per group from 1 of 3 independent ex-

periments are shown. (E) Overall survival of BALB/c

recipient mice receiving either a Treg-nondepleted or

Treg-depleted graft from C57BL/6 donor mice with or

without adoptive transfer of 5.0 3 104 FVB/N third-party

CD41 iNKT cells. TCD-BM was derived from untreated

WT C57BL/6 mice. Ten mice per group except irradi-

ation control (n 5 6). Pooled data from 2 independent

experiments are shown. *P# .05; **P# .01; ***P# .001.
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generations could be identified on days 13 and 15, confirming in
vivo proliferation of donor GFP1 CD41 iNKT cells (Figure 6C).

Third-party CD41 iNKT cells are rejected early after

allogeneic HCT

Although third-party CD41 iNKT cells mediate protection from lethal
GVHD through donor Tregs, we were interested in the survival of this
potent immunoregulatory T-cell subset either of donor or third-party
origin. Therefore, we assessed the number of CD41 iNKT cells from
GFP1 FVB/N mice (H-2Kq) in BALB/c (H-2Kd) recipient mice by
flow cytometry at different time points posttransplant; 5.03 106 TCD-
BM cells and 1.03 106 Tcons derived fromWTFVB/N (H-2Kq) mice
and WT C57BL/6 (H-2Kb) mice in a donor and third-party model,
respectively. At day 15 following allogeneic HCT, both donor and
third-party CD41 iNKT cells could be identified as a rare yet distinct
GFP1H-2Kq1 population in recipient livers and spleens. Meanwhile,

recipient mice were mixed T-lymphocyte chimera, but converted to
full donor chimerism on subsequent days.Donor GFP1H-2Kq1CD41

iNKT cells expanded in recipient livers and spleens, whereas third-party
CD41 iNKT cells were rejected by day110 (Figure 6D).

Discussion

iNKT cells play a critical role within the cellular and humoral immune
network bridging the gapbetween innate and adaptive immunity.32 The
instant release of immunoregulatory cytokines upon stimulation is the
functional hallmark of this rare T-cell subpopulation in both humans
and mice. The importance of host iNKT cells for tolerance induction
after TLI/ATG conditioning has been studied extensively in animal
models, and could be applied successfully to the clinic resulting in a
significantly reduced incidence of acute GVHD and enabling combined

Figure 5. MDSCs are required for Treg expansion and protection from lethal GVHD. (A) Representative dot plots gated on live donor (CD45.11) and lineage negative

(CD32CD192CD49b2TER-1192) cells from spleens of BALB/c recipient mice at day 110 after allogeneic HCT. Absolute and relative cell numbers of donor (B) CD11b1Gr-

1high and (C) CD11b1Gr-1int MDSCs. Error bars indicate SEM. Three animals per group from 1 of 3 independent experiments are shown. (D) Representative dot plots gated

on live and lineage negative (CD3-CD19-CD49b-TER-119-) cells from spleens of BALB/c mice injected with ITC or RB6-8C5. (E) Absolute number of donor Tregs re-isolated

from spleens of BALB/c mice at day 110. Error bars indicate SEM. Three animals per group from 1 of 2 independent experiments are shown. (F) Overall survival of BALB/c

recipient mice either depleted (RB6-8C5) or nondepleted (ITC) of MDSCs. Ten mice per group except irradiation control (n5 6). Pooled data from 2 independent experiments

are shown. *P # .05. ITC, isotype control antibody.
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allogeneic HCT and kidney transplantation without lifelong pharma-
cologic immunosuppression.7-13 Moreover, recent clinical studies re-
vealed that iNKT-cell numbers of the graft and peripheral blood
posttransplant were both associated with protection against acute
GVHD in humans.33,34

In our present study, we explored the impact of third-party CD41

iNKT cells in a murine model of allogeneic HCT across major histo-
compatibility barriers followingmyeloablative conditioning.We found
that low numbers of adoptively transferred CD41 iNKT cells from
third-party mice provided robust protection from lethal GVHD, while
retaining Tcon-mediated GVT effects. Protection from alloimmun-
ity was conferred through expanded donor Tregs as depletion of
Tregs from the graft completely abrogated any survival benefit. We
could show that these Tregs expand from the nTreg pool, rather than
being induced from the naı̈ve T-cell compartment. Importantly, we
were able to demonstrate that these Tregs persist for at least 8 weeks
after allogeneicHCT. Interestingly, adoptive transfer of CD41 iNKT
cells resulted in an expansion of donor CD11b1Gr-1int MDSCs and

in vivo depletion of this cell population abrogated both Treg expan-
sion and protection from GVHD lethality.

Treatment with third-party CD41 iNKT cells resulted in a sig-
nificantly decreased expansion of donor Tcons that showed a
Th2-biased cytokine pattern. The paradigm of humoral immune
homeostasis comprises a well-balanced but delicate system of dis-
tinct cytokine patterns. Immune polarization toward a Th2 pheno-
type is critical for GVHD prevention35-40 and minimal intensity
conditioning with TLI/ATG is considered a tolerizing regimen due
to the relative radioresistance of host iNKT cells upregulating anti-
apoptotic genes like BCL-2.41,42 In particular, donor T cells from
combined kidney and HCT recipients produced more IL-4 and
showed a decreased expansion capacity when challenged with
alloantigens in a mixed lymphocyte reaction.9 Analogously,
adoptive transfer of both donor and third-party CD41 iNKT cells
induces Th2 polarization which was associated with GVHD ame-
lioration after myeloablative conditioning in murine models of al-
logeneic HCT.14

Figure 6. Third-party CD41 iNKT cells are rejected

early after allogeneic HCT. (A) GFP1CD41 iNKT

cells were enriched (magnetic-activated cell sorting)

and sorted (fluorescence-activated cell sorting) from

whole splenocytes of GFP-expressing FVB/N mice

enabling distinct re-isolation from BALB/c recipient

mice after adoptive transfer. Representative dot plots

gated on live cells. (B) Absolute cell numbers of adop-

tively transferred FVB/N donor GFP1CD41 iNKT cells

re-isolated at different time points from various organs

of BALB/c mice that received TCD-BM and Tcons from

WT FVB/N donor mice. No GFP1CD41 iNKT cells

could be re-isolated from lymph nodes, gut, and skin

(not shown). Error bars indicate SEM. Shown are cell

numbers from 3 mice per time point from 1 of 2 in-

dependent experiments. (C) Fluorescence intensity

deriving from 1.5 3 106 adoptively transferred FVB/N

donor GFP1CD41 iNKT cells labeled with CellTrace

Violet and re-isolated at days 13 and 15. Histogram

gated on GFP1 cells pooled from the spleen and liver

of one BALB/c mouse that received TCD-BM and

Tcons from one WT FVB/N donor mouse. Shown is 1

of 3 independent experiments. (D) Donor and third-

party model of allogeneic HCT with BALB/c (H-2Kd)

mice receiving TCD-BM and Tcons from WT FVB/N

(H-2Kq) and C57BL/6 (H-2Kb) mice, respectively.

Adoptively transferred CD41 iNKT cells derived from

GFP-expressing FVB/N (H-2Kq) mice and were re-

isolated from recipient livers at days 15 and 110.

Shown are representative dot plots gated on live cells

from 1 of 2 independent experiments. The third row

shows T-cell chimerism from the same sample. Com-

parable results were obtained for re-isolation of GFP1

cells from recipient spleens (not shown). LVR, liver;

SPN, spleen; THY, thymus.
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Strikingly, adoptively transferred donor and third-party CD41

iNKT cells both resulted in an expansion of donor MDSCs and Tregs,
Th2-biased donor T cells, inhibition of Tcon proliferation, and pro-
tection from lethal GVHD. Given the fact that third-party CD41

iNKT cells are rejected early after allogeneic HCT but still mediate
sustained protection from GVHD through donor Tregs, CD41

iNKT cells polarize the immune system toward a tolerogenic pheno-
type shortly after adoptive transfer. This is remarkable considering the
low CD41 iNKT-cell numbers that were co-injected resulting in a
CD41 iNKT:Tcon ratio of only 1:20. Our previous studies showed
that adoptive transfer of 1.03 106 freshly isolated donor Tregs (Treg:
Tcon 5 1:1) is required to provide robust protection from GVHD
lethality, although delayed Tcon administration allowed for the use of
lower Treg numbers due to an advantageous in vivo proliferation.43

Consequently, the tolerogenic potency of donor and third-party CD41

iNKT cells is amplified through the expansion of donor Treg. We
recently demonstrated in a similar model of allogeneic HCT across
major histocompatibility barriers that the adoptive transfer of 5.03105

third-party Tregs, 2 days prior to the injection of 1.03106 donor Tcons,
resulted in an inferior survival benefit compared with the same number
of donor Tregs.44 In our present study, this limitation could not be
noticed with adoptively transferred third-party CD41 iNKT cells. We
believe that the early expansion of donor Tregs through third-party
CD41 iNKT cells overcomes this obstacle caused by MHC disparities
and rejection of third-party Tregs.

Donor CD41 iNKT cells proliferate in vivo upon adoptive trans-
fer, although the total expansion capacity was too low to be assessed
by BLI of CD41 iNKT cells from luc1 mice (not shown). Inter-
estingly, CD41 iNKT cells home preferentially to the recipient liver
unlike adoptively transferred Tregs and CD49b1CD41 NKT cells,
which migrate to secondary lymphoid organs prior to infiltrating
GVHD target tissues comparable to the trafficking pattern of Tcons.45

In contrast to naı̈ve CD62LhighCD44low T cells, CD41 iNKT cells
show a memory-like CD62LlowCD44high phenotype.46,47 CD62L
interacts with glycosylation-dependent cell adhesion molecule 1
of high endothelial venules and mucosal vascular addressin cell
adhesion molecule 1 of endothelial cells of gut-associated lymphoid
tissue, enabling entry of naı̈ve T cells into lymph nodes.48-51 More-
over, CD62L expression on adoptively transferred Tregs is required
for Treg function in vivo.52 Surprisingly,CD41 iNKTcells could not
be re-isolated from recipient lymph nodes, gut, or skin, but flow
cytometric and BLI studies revealed that donor Tregs infiltrate these
tissues and expand. Therefore, our present study implies a central
role of the recipient liver and thymus for alloimmunity, immune
homeostasis, and immunologic tolerance. In fact, roughly half of the
lymphocytes residing in murine livers express the semi-invariant
TCR, TCRaVa14-Ja18, under steady state conditions. Besides, the
liver hosts different NK cell subsets, Kupffer cells, and stellate
macrophages providing an immunologic environment.53 Hepatic
endothelial cells upregulate chemokines and adhesion molecules upon
tissue injury allowing recruitment of lymphocyte subsets to the liver.54

Further researchbeyond the scope of this study is required todetermine

the immunologic relevance of the liver for GVHD immunopathology,
and to characterize the molecules and mechanisms responsible for the
hepatotropism of adoptively transferred CD41 iNKT cells.

Our findings frommurine studies have important clinical impli-
cations as there are a variety of protocols describing the in vitro
expansion of human iNKT cells fromwhole peripheral blood.18,55-57

Noteworthy, a much lower number of iNKT cells is required in order
to provide protection from GVHD as compared with adoptively
transferred Tregs. Hence, peripheral blood apheresis from healthy
donors may not be required. In addition, with third-party CD41

iNKT cells being fully functional, an almost unlimited source of
cells could be available. However, dose-finding studies in human
beings are indispensable to determine the most appropriate cell
numbers for clinical translation. Importantly, we could show that
Tcon-mediated GVT effects are preserved after adoptive transfer
of iNKT cells.

Our studies outline the potency of third-party iNKT cells within
the cellular and humoral immunoregulatory network. Because third-
party iNKT cells prevent alloimmunity in our murine GVHD model,
these results may be of particular importance for other clinical fields
such as solid organ transplantation and autoimmunity.
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