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CD4™" invariant natural killer T cells protect from murine GVHD
lethality through expansion of donor CD4" CD25"FoxP3™ regulatory
T cells

Dominik Schneidawind,” Antonio Pierini,' Maite Alvarez,” Yugiong Pan,' Jeanette Baker,! Corina Buechele,?
Richard H. Luong,® Everett H. Meyer," and Robert S. Negrin'

"Division of Blood and Marrow Transplantation, Department of Medicine, 2Department of Pathology, and 3Department of Comparative Medicine,
Stanford University, Stanford, CA

Dysregulated donor T cells lead to destruction of host tissues resulting in graft-
versus-host disease (GVHD) after allogeneic hematopoietic cell transplantation
¢ Low doses of adoptively (HCT). We investigated the impact of highly purified (>95%) donor CD4" invariant
transferred donor CD4 ™ natural killer T (iNKT) cells on GVHD in a murine model of allogeneic HCT. We found
iNKT cells protect from GVHD that low doses of adoptively transferred donor CD4* iNKT cells protect from GVHD
while preserving graft-versus- morbidity and mortality through an expansion of donor CD4*CD25*FoxP3™ reg-
tumor effects. ulatory T cells (Tregs). These Tregs express high levels of the lkaros transcription
e Donor CD4™" iNKT cells inhibit factor Helios and expand from the Treg pool of the donor graft. Furthermore, CD4*
. . . iNKT cells preserve T-cell-mediated graft-versus-tumor effects. Our studies reveal
proliferation of alloreactive new aspects of the cellular interplay between iNKT cells and Tregs in the context of

T cells and promote robust

) tolerance induction after allogeneic HCT and set the stage for clinical translation.
expansion of donor Tregs.

Introduction

(Blood. 2014;124(22):3320-3328)

Dysregulated activation and proliferation of donor T cells
following allogeneic hematopoietic cell transplantation (HCT)
leads to immune-mediated destruction of host tissues resulting in
graft-versus-host disease (GVHD).! Most established therapeutic
approaches involving immunosuppressive drugs to prevent or
treat GVHD lead to a global suppression of T-cell function, have
significant toxicities, and lead to increased risk of opportunistic
infections. Adoptive transfer of donor CD4 "CD25 FoxP3™" reg-
ulatory T cells (Tregs) has been studied in murine animal models,
and promising results have been reported in haploidentical and
umbilical cord blood HCTs.>* A deeper understanding of immune
regulatory mechanisms holds promise for controlling dysregulated
immune responses and improving outcomes after allogeneic HCT
and for the treatment of other conditions, including severe auto-
immune disorders, as well as for the induction of tolerance to
transplanted organs.’

Despite their rarity in humans and mice, invariant natural killer
T (iNKT) cells harbor potent immunomodulatory functions. They
are characterized by rapid effector function upon stimulation of
the semi-invariant T-cell receptor (TCRa Va24-Ja18 in humans;
Val4-Jal8 in mice) with glycolipids.®” Host iNKT cells have an
important tolerogenic impact on GVHD after reduced-intensity
conditioning with total lymphoid irradiation and anti-thymocyte
globulin (TLI/ATG).® In this study, we investigated the impact of

purified and adoptively transferred donor CD4™ iNKT cells on
GVHD and graft-versus-tumor (GVT) effects in a murine model
of allogeneic HCT.

Methods
Mice

Gender-matched female or male mice between 10 and 14 weeks of age were
used for all experiments. BALB/c (H-2K?), C57BL/6 (H-2K®), and FVB
(H-2K%) mice were purchased from The Jackson Laboratory. C57BL/6 mice
that expressed luciferase gene (luc*), Thy1.1, and CD45.1 were generated as
described previously.” C57BL/6 FoxP3 mutant mice expressing diphtheria
toxin receptor (FoxP3°™®) were a kind gift from Dr Rudensky (Memorial
Sloan Kettering Cancer Center, New York, NY) and were bred in our animal
facility. Animal protocols were approved by the Institutional Animal Care
and Use Committee of Stanford University.

Cell isolation

For the isolation of CD4 " iNKT cells, spleens were dispersed in phosphate-
buffered saline (PBS; Life Technologies) with 2% fetal calf serum (FCS; Life
Technologies) into single-cell suspensions, red blood cells were lysed with
ammonium chloride buffer, and Fc receptors were blocked (Miltenyi Biotec)
before B cells were depleted with CD45R (B220) MicroBeads (Miltenyi
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Biotec). iNKT cells were stained with PBS-57-CD1d tetramer phycoerythrin
(PE; National Institutes of Health) and enriched with Anti-PE MicroBeads
(Miltenyi Biotec). After magnetic-activated cell sorting, cells were stained
for T-cell receptor B (TCR-B), CD4 and with live/dead fixable dead cell
stain (Life Technologies) and further purified on a FACSAria II cell sorter
(BD Biosciences). To isolate donor Thyl.1" Tregs from BALB/c recipient
animals following HCT, single-cell suspensions from spleen and lymph
nodes were enriched by magnetic-activated cell sorting (Miltenyi Biotec) for
CD25™ T cells and sorted for live Thy1.1"CD4 " CD25"E" T cells on a FACSAria
11 cell sorter. Donor CD4 ™ and CD8™ conventional T cells (Tcons) were pre-
pared from splenocytes and lymph nodes and enriched with CD4 and CD8
MicroBeads (Miltenyi Biotec). T-cell-depleted bone marrow (TCD-BM)
cells were prepared by flushing bones and 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 ammonium chloride buffer. Intrahepatic lymphocytes
were isolated by density centrifugation with Percoll (GE Healthcare). Intestines
were flushed with PBS and dissected into pieces. Intestinal lymphocytes were
isolated by tissue digestion with 1 mg-mL ™" Collagenase IV (Life Technologies)
for 30 minutes.

Depletion of Tregs from the graft

FoxP3P™® C57BL/6 mice were injected intraperitoneally with 50 pg-kg ™'

diphtheria toxin (Sigma-Aldrich) dissolved in PBS on days —2 and —1 to
deplete FoxP3-expressing cells. Control mice were injected with PBS only.
On day 0, secondary lymphoid organs were harvested and processed to isolate
Tcons as described previously. TCD-BM and CD4 " iNKT cells were both
derived from untreated wild-type (WT) C57BL/6 mice.

Allogeneic bone marrow transplantation

BALB/c recipient mice were treated with lethal total body irradiation (TBI;
200 kV x-ray source; Kimtron) consisting of 2 doses of 4.0 Gy 4 hours apart.
The tail vein was injected with 5.0 X 10° WT or CD45.1" TCD-BM cells
together with 1.0 X 10°WT or luc* /Thy1.1* Tcons both from C57BL/6 mice
on day 0. Donor CD4 " iNKT cells were co-injected on day 0 from C57BL/6
mice. Transplanted animals were housed in autoclaved cages with antibiotic
water (sulfamethoxazole-trimethoprim; Hi-Tech Pharmacal). GVHD score
was assessed as described previously.10 Briefly, weight, fur, skin, activity,
and posture were evaluated, and a score of 0 to 2 was assigned to each group
resulting in a maximal GVHD score of 10.

Tumor model

To investigate GVT activity, we used a B-cell lymphoma 1 (BCL1) and A20
lymphoma model expressing luciferase. On day —7 before HCT, 3000 luc™
BCL1 cells were intravenously injected into BALB/c recipients. Tumor
engraftment was verified by bioluminescence imaging (BLI) before TBI. On day
0,1.0 X10* luc™ A20 lymphoma cells were injected together with TCD-BM after
TBI. After transplantation, tumor burden was assessed by BLL

Histopathology

Tissues were fixed in 10% neutral buffered formalin. After 48 to 72 hours of
formalin fixation, tissues were trimmed and processed routinely for
microscopic examination after staining with hematoxylin and eosin. Stained
tissue sections were evaluated for GVHD by a board-certified veterinary
pathologist with an Olympus BX-41 microscope (Olympus). Representative
digital photomicrographs were taken by using an Axioscope 2 Plus
microscope (Carl Zeiss) with a Nikon DS-Ril digital microscope camera
and NIS-Elements imaging software (Nikon).

Flow cytometric analysis

PBS-57-loaded and unloaded mCD1d tetramers were obtained from the
National Institutes of Health Tetramer Facility. The following antibodies
were purchased from BD Biosciences, eBioscience, or BioLegend: TCR-3
(H57-597), CD4 (GK1.5), CD8 (53-6.7), B220 (RA3-6B2), CD11b (M1/70),
Gr-1 (RB6-8C5), CD49b (DXS), Thy-1.1 (OX-7), CD45.1 (A20), CD45.2
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(104), H-2K® (AF6-88.5), CD25 (PC61), CD44 (IM7), FoxP3 (FJK-16s),
Helios (22F6), TGF-f (LAP) (TW7-16B4), CTLA-4 (UC10-4B9), PD-1
(29F.1A12), Lag-3 (C9B7W), murine interferon y (mIFN-y; XMG1.2),
and murine/human interleukin 5 (m/hIL-5; TRFKS). Isotype controls were
purchased from the respective vendors. To stain dead cells, live/dead fixable
dead cell stain was used. Data were acquired on an LSR II flow cytometer
(BD Biosciences), and analysis was performed with FlowJo 10.0.7 software
(Tree Star).

CFSE-based cell proliferation assay

For analysis of cell proliferation, Thy1.1" Tcons were resuspended in PBS
and stained with CellTrace carboxyfluorescein diacetate succinimidyl ester
(CFSE) cell proliferation kit (Life Technologies) for 5 minutes at 37°C.
Immediately after staining, cells were washed 3 times in ice-cold RPMI 1640
(Mediatech) plus 10% FCS and finally resuspended in PBS. Lethally irradiated
BALB/c mice were injected with 1.0 X 10® CFSE-labeled Thyl.1" Tcons
together with TCD-BM with or without CD4 " iNKT cells. The percentage
of re-isolated proliferating Tcons was determined by flow cytometric analysis.

BLI

BLI was performed as described previously.'' Briefly, firefly luciferin
(Biosynth) was injected intraperitoneally 10 minutes prior to image acquisition
with an IVIS 29 or IVIS Spectrum imaging system (Xenogen). Images were
analyzed with Living Image Software 4.2 (Xenogen).

Cytokine analysis

For intracellular cytokine staining, cells were stimulated with 20 ng-mL ™"
phorbol myristate acetate (Sigma-Aldrich) and 1 wg-mL™~' ionomycin
(Sigma-Aldrich) for 6 hours at 37°C and 5% CO, in RPMI 1640 sup-
plemented with 10% FCS, 2 mM L-glutamine (Mediatech), 100 U-mL™!
penicillin (Thermo Fisher Scientific), and 100 pg-mL~ ' streptomycin
(Thermo Fisher Scientific). Monensin (BD Biosciences) was used to block
cellular protein transport. After staining surface antigens, cells were fixed and
permeabilized (eBioscience) prior to staining of intracellular and intranuclear
antigens. For quantitative measurement of serum cytokines, whole blood
from recipient mice was obtained through puncture of the tail vein or heart
after euthanasia. Serum was stored at —20°C until it was analyzed with
a multiplex assay (Luminex).

Mixed lymphocyte reaction

Irradiated (30 Gy) BALB/c splenocytes (stimulators) were plated together
with allogeneic Tcons (responders) at a 4:1 ratio and different doses of donor
Thy1.1" Tregs isolated on day + 10 after HCT from mice treated with CD4 ™
iNKT cells. Following incubation for 96 hours, cells were pulsed with 1 uCi
per well of thymidine (PerkinElmer), and thymidine incorporation was
measured with a Wallac 1205 Betaplate counter (PerkinElmer).

Statistical analysis

Differences in animal survival (Kaplan-Meier survival curves) were analyzed
with the log-rank test. All other comparisons were performed with the Student
t test. P < .05 was considered statistically significant.

Results

Adoptively transferred CD4" iNKT cells protect from GVHD in
a dose-dependent manner

Upon stimulation, CD4" iNKT cells produce cytokines character-
ized through a tolerogenic Th2 phenotype such as IL-4 and
IL-13.'%'3 Thus, we hypothesized that the adoptive transfer of CD4
iNKT cells would improve GVHD morbidity and mortality. CD4 "
iNKT cells were isolated from C57BL/6 donor spleens to a purity
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Figure 1. Purified and adoptively transferred CD4* iNKT cells protect from GVHD in a dose-dependent manner. (A) Magnetic-activated cell sorting (MACS) followed
by fluorescence-activated cell sorting (FACS) of CD4* iNKT cells. Shaded histogram curves depict CD4 isotype control. (B) Survival, (C) weight, and (D) GVHD score of
BALB/c mice co-injected with 5.0 x 10° TCD-BM cells, 1.0 X 10° Tcons, and increasing doses of CD4 " iNKT cells (A 1.0 X 10%; @ 2.5 X 10* ¢ 5.0 X 10* m 1.0 X 10° per
mouse) isolated from C57BL/6 donor mice. Shown are 5 animals per group from 1 of 2 independent experiments. (E) Representative photomicrographs of hematoxylin and
eosin—stained sections of haired skin (X200 magnification; scale bar = 100 p; inset X400 magnification) and large intestines (X400 magnification; scale bar = 50 p). The
haired skin in all mice on day +10 appears essentially normal except for atrophy of subcutaneous adipose tissues (solid asterisk) in the Tcons and CD4* iNKT groups
(compared with normal adipose tissues in the bone marrow control group [open asterisk]). By day +35, the haired skin remained normal (bone marrow group) or reverted to
normal (CD4™ iNKT group), but there were significant lesions in the Tcon group, with the presence of marked epidermal hyperplasia, continued atrophy of subcutaneous
adipose tissues (solid asterisk), loss of hair follicles, and presence of moderate numbers of observable apoptotic keratinocytes in the stratum basale (arrows). On higher
magnification (inset), these apoptotic keratinocytes appear as shrunken, hypereosinophilic (deep red) round bodies with pyknotic nuclei. The large intestines in both the bone
marrow and CD4" iNKT group appear essentially normal on days +10 and +35, except for the presence of rare apoptotic enterocytes (arrows), which appear as shrunken,
hypereosinophilic (deep red) round bodies with pyknotic nuclei. In contrast, in the Tcon group, there was already development of mild lymphocytic colitis on day +10
characterized by small numbers of lymphocytes in the lamina propria (solid asterisks) that caused mild separation of intestinal glands, which themselves displayed mild loss of
goblet cells with replacement by undifferentiated, proliferative basophilic (deep blue-purple) crypt enterocytes. Note the presence of small numbers of apoptotic enterocytes
(arrows) as well. By day +35, the large intestinal lesions had worsened in the Tcon mice, with larger numbers of lymphocytes in the lamina propria (solid asterisks), larger
separation of intestinal glands, marked loss of goblet cells with replacement undifferentiated crypt enterocytes, and larger numbers of apoptotic enterocytes (arrows).
Histopathologic findings in recipient livers were mild, and only minor differences between groups were observed (not shown). fIndicates all animals from the respective group
died or needed to be euthanized. Error bars indicate standard error of the mean. BM, bone marrow (control group); BMT, bone marrow transplantation.

>95% (Figure 1A). Increasing doses of CD4™ iNKT cells were recipient mice obtained on days + 10 and +35 after allogeneic HCT
injected via tail vein together with 5.0 X 10° TCD-BM cells and  corroborated our clinical findings (Figure 1E). Furthermore, we
1.0 X 10° Tcons into BALB/c recipient mice after § Gy TBIonday 0.  found that adoptive transfer of CD4* iNKT cells isolated from FVB
A significant survival benefit was observed for animals that received ~ donor mice also protected from lethal GVHD when 5.0 X 10°
CD4" iNKT cells at doses of 1.0 X 10* (P = .03) to 1.0 X 10° TCD-BM cells and 1.0 X 10° Tcons from FVB mice were transplanted
(P = .002) (Figure 1B). In addition, weight (Figure 1C) and GVHD into lethally irradiated BALB/c mice (P = .007) (supplemental
scores (Figures 1D) improved with increasing numbers of CD4"  Figure 1A-C available on the Blood Web site). Thus, highly purified
iNKT cells. Histopathology from GVHD target sites of BALB/c and adoptively transferred donor CD4" iNKT cells suppress
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Figure 2. CD4" iNKT cells inhibit proliferation and activation of alloreactive T cells. (A) Representative bioluminescence images during GVHD initiation (day +5, upper
row) and affection of GVHD target sites (day +22, lower row). Bioluminescence signal derived from luc* Tcons injected on day 0. (B) Bioluminescence signals throughout the
experiment. Shown are 5 animals per group from 1 of 2 independent experiments. (C) Graphs depict the percentage of proliferating Thy1.1" T cells from different secondary
lymphoid organs on day +3 as measured by CFSE proliferation assay. Shown is 1 of 3 independent experiments performed in triplicate. (D) Absolute number of live
Thy1.17CD44"9" T cells re-isolated from BALB/c recipient animals on day +6. Shown is 1 of 2 independent experiments performed in triplicate. (E) Expression of
CD25 on live Thy1.1*CD44M9" T cells. Gates were set on isotype controls. One representative example per group of 3 mice from 1 of 3 independent experiments is
shown. tindicates all animals from the respective group died or needed to be euthanized. Error bars indicate standard error of the mean. LVR, liver; mLN,
mesenteric lymph nodes; pLN, peripheral lymph nodes; SPN, spleen. *P = .05; **P = .01; ***P = .001.

Tcon-mediated alloimmunity in a dose-dependent manner in at least
2 different mouse strains.

CD4™" iNKT cells inhibit proliferation of alloreactive T cells

Previous studies have demonstrated that GVHD initiation is a
precisely orchestrated process that involves priming of multiple
sites in secondary lymphoid organs.'*'> In this context, we ex-
amined how adoptively transferred donor CD4 " iNKT cells affect
alloreactive Tcons. First, the proliferative capacity of expanding
Iuc™ Tcons from C57BL/6 mice was assessed. BALB/c recipient
mice were injected with 1.0 X 10° luc™ Tcons together with
increasing numbers of CD4" iNKT cells and 5.0 X 10° TCD-BM
cells from C57BL/6 WT animals. Bioluminescence signal intensity
decreased significantly during GVHD initiation in secondary
lymphoid organs and GVHD target sites in animals co-injected with
2.5 X 10* and 1.0 X 10° CD4" iNKT cells (Figure 2A-B). Next,
CFSE-labeled Thyl.1* Tcons were re-isolated from secondary
lymphoid organs on day +3. Animals treated with 5.0 X 10* CD4™
iNKT cells had a significantly lower percentage of proliferating
Tcons (Figure 2C).

CD4™" iNKT cells prevent activation of alloreactive T cells

We investigated whether CD4* iNKT cells inhibit activation of
donor T cells in vivo. On day +6, a similar percentage of CD44"eh
effector cells among all Thyl.1" Tcons from secondary lymphoid
organs was observed in animals that received Tcons only compared
with Tcons with CD4 " iNKT cells. In contrast, the absolute number
of Thyl.1"CD44"€" effector cells was significantly lower, consistent

with the finding of decreased proliferation (Figure 2D). On day +6,
the expression of IL-2R a-chain (CD25) of Thy1.1" Tcons as well
as their CD4 and CD8 subsets was significantly decreased, which
reflects suppression of activation of alloreactive T cells in the
presence of adoptively transferred donor CD4" iNKT cells
(Figure 2E).

CD4™" iNKT cells promote a Th2-biased cytokine pattern

GVHD is characterized by an expansion of alloreactive T cells that
secrete large amounts of proinflammatory Thl-biased cytokines
such as interferon gamma (IFN-vy), thus perpetuating the inflamma-
tory cycle of alloreactivity. On day +10 following HCT, donor
T cells were analyzed for production of several different cytokines
known to play a role in GVHD pathophysiology. Live Thyl.1*
FoxP37CD4" T cells from CD4" iNKT cell-treated mice showed a
Th2-biased cytokine pattern characterized by a lower expression of
mIFN-vy and higher expression of mIL-5 compared with Tcon-only
control animals (Figure 3A). In addition, sera from animals that were
treated with 5.0 X 10* CD4™ iNKT cells had significantly higher
concentrations of the Th2 cytokines murine IL-4 (mIL-4), mIL-5,
and mlIL-6, whereas serum concentrations of murine tumor necrosis
factor o and mIFN-y were decreased compared with animals that
received Tcons only (Figure 3B). We did not find significant
differences for mIL-10.

CD4™" iNKT cells promote an expansion of donor Tregs

Because it has been reported that host iNKT cells induce an ex-
pansion of donor Tregs in the setting of TLI/ATG conditioning,'®
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we hypothesized that donor CD4" iNKT cells promote the ex-
pansion of donor Tregs after myeloablative conditioning with TBL.
BALB/c recipient mice were injected with 1.0 X 10° Thy1.1" Tcons
together with TCD-BM with or without 5.0 X 10* CD4™ iNKT cells.
A significantly higher percentage and absolute cell number of
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Figure 3. CD4* iNKT cells promote a Th2-biased
cytokine response in vivo. (A) mIFN-y and mlIL-5
staining of live Thy1.1*FoxP3 CD4" T cells. Gates
were set on isotype controls. Shown are representative
dot plots from 1 of 2 independent experiments. (B)
Serum levels of cytokines in the presence of Tcon or
Tcon + CD4" iNKT cells. Shown are 3 animals per
group from 1 of 3 independent experiments. Error bars
indicate standard error of the mean. mTNF-a, murine
tumor necrosis factor «. *P < .05; **P = .01.

Thyl.1% Tregs among donor alloreactive CD4™ T cells was
observed in secondary lymphoid organs and GVHD target sites of
BALB/c recipient mice on day +10 (Figure 4A-C). In addition,
we investigated the impact of donor CD4" iNKT cells on host
Tregs. We found splenic host Tregs at a higher percentage (12.1% vs
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0.7%; P = .004) and absolute cell number (2720 vs 22; P = .048) in
animals treated with CD4" iNKT cells. However, no significant
difference was found for host Tregs from lymph nodes and GVHD
target tissues compared with the Tcon control group. Because of
higher cell numbers, we concluded that donor Tregs play a pre-
dominant role in protection from GVHD compared with host Tregs.

Re-isolated Tregs display an activated phenotype and suppress
the mixed lymphocyte reaction

Next, the phenotype of Thyl.1" Tregs from CD4" iNKT cell-treated
recipient mice was analyzed. Upregulation of CD25, CTLA-4, PD-1,
Lag3, and TGF-3 (LAP) was observed that was comparable to Tregs
re-isolated from Tcon-only control animals (Figure 4D). To determine
Treg suppressive function in vitro, pooled purified donor Thyl.1"
Tregs from secondary lymphoid organs and livers of animals treated
with CD4" iNKT cells were assessed functionally on day +10 after
HCT for their ability to inhibit T-cell proliferation by mixed lymphocyte
reaction. We found that increasing doses of donor Tregs efficiently
suppress proliferation of Tcons when challenged with allogeneic irra-
diated splenocytes from BALB/c mice (P = .04) (Figure 4E).

Tregs expand from the Tcon inoculum and are required for
protection from GVHD

We tested whether Tregs from CD4" iNKT cell-treated mice ex-
pand from the Tcon inoculum or whether they were induced Tregs
(iTregs). The intranuclear transcription factor Helios is mainly
expressed in naturally occurring thymus-derived Tregs (nTregs) and
has been proposed to distinguish between nTregs and iTregs.'”'®
The majority of Tregs re-isolated from secondary lymphoid organs
and GVHD target sites of CD4" iNKT cell-treated mice express
Helios (Figure 5A). In addition, a significant increase in the total
number of donor Tregs in CD4" iNKT cell-treated animals was
observed only for Helios-expressing cells (Figure 5B). Thus, we
hypothesized that depletion of Tregs from the graft would result in
a decreased expansion of donor Tregs. To test this hypothesis,
FoxP3P™ (C57BL/6 mice were injected intraperitoneally with
diphtheria toxin prior to harvest, which resulted in a marked
reduction of FoxP3-expressing cells among CD4™" T cells (<1%;
Figure 5C). BALB/c recipient mice received grafts that were either
depleted or nondepleted of Tregs with or without adoptive transfer of
CD4 " iNKT cells. Animals that received Treg-depleted grafts failed
to show an expansion of Tregs in contrast to animals that received
nondepleted grafts when treated with CD4* iNKT cells (P = .002)
(Figure 5D-E). Interestingly, a significant increase of donor Tregs
through CD4" iNKT cells could be observed on a lower level
in animals receiving Treg-depleted grafts, which supports the influ-
ence of CD4" iNKT cells on Tregs already contained in the graft
(Figure 5D-E). In addition, depletion of Tregs from the graft resulted
in a loss of survival benefit mediated through adoptive transfer of
donor CD4 ™" iNKT cells. BALB/c mice that received a graft depleted
of Tregs and were treated with CD4" iNKT cells showed no
significant improvement in survival compared with the Tcon-only
control group (P = .69). In contrast, adoptively transferred CD4™
iNKT cells protected from GVHD lethality when mice received
a Treg-nondepleted graft (P < .0001) (Figure S5F). To test the
hypothesis that Treg-depleted grafts may confer more aggressive
GVHD that cannot be overcome by CD4" iNKT cells, we tested
alternative Tcon and Treg dosing strategies. By using a reduced
number of Teons (7.5 X 10°) to compensate for the potential of
enhanced GVHD and increasing the number of CD4* iNKT cells
(1.0 X 10°), we did not observe protection from GVHD in animals
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that received grafts depleted of donor Tregs compared with animals
that received a Treg-nondepleted graft in which CD4 " iNKT cells
did protect from GVHD lethality (data not shown). Our results
demonstrate that CD4 " iNKT cells lead to an expansion of donor
Tregs from the Tcon inoculum and that these Tregs are required to
protect from GVHD lethality.

CD4" iNKT preserve Tcon-mediated GVT reactions

GVT activity is mediated through alloreactive T cells. Thus, we
tested whether CD4* iNKT cells abrogate GVT reactions. The tail
vein was injected with 1.0 X 10% luc™ A20 cells after TBI on day 0.
All animals receiving TCD-BM together with luc " A20 cells showed
steadily increasing bioluminescence signals and eventually died of
progressive lymphoma. Mice that received luc™ A20 cells together
with 1.0 X 10° Tcons all died of GVHD without evidence of lym-
phoma, whereas animals treated with Tcons together with 5.0 X 10*
CD4" iNKT cells survived throughout the whole experiment
without evidence of lymphoma (P = .002). Interestingly, BALB/c
mice that received 5.0 X 10* CD4" iNKT cells without Tcons
showed significantly lower bioluminescence signals on days +16
and +23 (P = .008 and P = .01, respectively) and a significant
survival benefit compared with their A20 control group (P = .005)
(Figure 6A-C). We conclude from these findings that CD4™"
iNKT cells preserved Tcon-mediated GVT reactions and exerted
GVT effects by themselves following allogeneic HCT. Furthermore,
a second tumor model using BCL1 lymphoma cells was studied in
a similar design. BALB/c recipient mice were injected with 3000
Iuc™ BCLI cells 7 days prior to HCT. Tumor engraftment was
verified by BLI on day —1. We observed a steady increase of signal
intensity derived from luc* BCLI cells in animals treated with TCD-
BM only or TCD-BM together with CD4 " iNKT cells; all animals
died of lymphoma, and no difference in survival was observed
between groups (P = .44). Animals that were treated with 1.0 X 10°
Tcons all died of GVHD without evidence of lymphoma as measured
by BLL In contrast, all animals that received Tcons together with
CD4" iNKT cells survived without evidence of lymphoma (P =.002)
(supplemental Figure 2A-C).

Discussion

iNKT cells are a rare cell population characterized through the ex-
pression of the semi-invariant TCRa-chain Va24-Ja 18 in humans and
Va14-Jo18 in mice.®” Their functional hallmark is the rapid release of
immunoregulatory cytokines upon stimulation, thus giving these cells
a phenotype of innate-like lymphocytes.®” Host iNKT cells are crucial
mediators of tolerance after reduced-intensity conditioning with
TLI/ATG.%'%° In this study, we show that low numbers of highly
purified and adoptively transferred donor CD4™ iNKT cells protect
from GVHD morbidity and lethality in a dose-dependent manner
while preserving Tcon-mediated GVT effects. CD4" iNKT cells
inhibit Tcon proliferation and upregulation of CD25 during the
critical phase of GVHD initiation in secondary lymphoid organs,
meanwhile promoting a robust expansion of fully functional donor
Tregs. We found that these Tregs express the nuclear transcription
factor Helios and expand from Tregs contained within the graft.
Depletion of Tregs from the graft abrogated the expansion of donor
Tregs and resulted in a loss of protection from GVHD lethality.
Our group recently described a different subset of NKT cells that
were also capable of suppressing GVHD. We showed that adoptively
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Figure 5. Tregs expand from the Tcon inoculum
and are required for protection from GVHD.
(A) Expression of FoxP3 and Helios in live splenic
Thy1.1*CD4" T cells. Shown are representative
dot plots from 1 of 3 independent experiments. (B)
Total numbers of live splenic Helios"FoxP3* and
Helios*FoxP3* Thy1.1"CD4" T cells. Shown is
1 of 3 independent experiments. (C) Expression of
CD25 and FoxP3 in live CD4" T cells after intraper-
itoneal injection of 50 wg-kg ™ diphtheria toxin (DT) into
FoxP3P™ C57BL/6 donor mice on 2 consecutive days.
Shown are representative dot plots from 1 of 2
independent experiments. (D) Relative and (E) ab-
solute numbers of donor Thy1.1* Tregs re-isolated
from BALB/c recipient mice that received either Treg-
nondepleted (left bars) or Treg-depleted grafts (right
bars), respectively. Population gated on live Thy1.1"
CD4™ T cells. Shown are 3 animals per group from 1 of
2 independent experiments. (F) Pooled survival data
from 2 independent experiments of BALB/c mice
treated with CD4" iNKT cells in the presence and
absence of donor Tregs. Ten animals per group
except irradiation control (n = 6). Error bars indicate
standard error of the mean. *P = .05; **P = .01.
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transferred donor CD4"CD49b* NKT cells provide protection from
GVHD in an IL-4—dependent manner.”® In contrast to this study, low
doses of CD4"CD49b™ NKT cells did not inhibit proliferation of Tcons
but did decrease the production of proinflammatory cytokines secreted
by alloreactive T cells. Low doses of CD4"CD49b™* NKT cells
were effective in preventing GVHD, which is similar to our results.
These findings indicate that different NKT cell subsets use distinct
cellular and/or humoral mechanisms to overcome Tcon-mediated
alloreactivity and reflect the complex functional diversity of NKT cells.?!

Pillai et al'® showed that host INKT cells promote an IL-4—dependent
expansion of donor Tregs and that host iNKT and donor Tregs are
both required for protection from GVHD in the setting of TLI/ATG
conditioning. GVHD protection was lost in NKT-cell-deficient
hosts Jo.18 /™) or when the donor transplant was depleted of Tregs.
Host iNKT cells can mediate their immunologic effects because
of their relative radioresistance fulfilled with TLI/ATG condi-
tioning. This concept of tolerance induction has been successfully
applied in combined allogeneic HCT and kidney transplantation,?***
In this study, we showed for the first time that adoptively transferred
donor CD4 " iNKT cells are promoting a robust expansion of donor
Tregs required for protection from GVHD. These findings have
significant clinical importance because graft manipulation is not
restricted to a particular type of conditioning regimen, and different
protocols for culturing and/or activating murine and human
iNKT cells are available to expand this rare but potent immunoreg-
ulatory cell population.”**’ In this context, our study shows that

B +CD4T KT

CD4" iNKT:Tcon ratios as low as 1:100 are sufficient to provide
robust protection from GVHD in murine models. In contrast, our
previous studies showed that rather high numbers of adoptively
transferred donor Tregs were required (Treg:Tcon ratio 1:1 or 1:2),
although this ratio could be decreased with a delayed administration
of Tcons after allogeneic HCT resulting in an advantageous in vivo
expansion of Tregs.'> We found expression of the Ikaros tran-
scription factor Helios in Tregs from CD4 " iNKT cell-treated
BALB/c recipient mice indicating that donor CD4 ™ iNKT cells
promote expansion of Tregs contained within the graft rather than
inducing Tregs from the naive T-cell compartment. Depletion of
Tregs from the graft abrogated Treg expansion and the survival
benefit observed by the adoptive transfer of CD4 " iNKT cells.
Because allogeneic HCT is the most widely applied and most
advanced type of cellular immunotherapy for the treatment of otherwise
fatal hematologic malignancies, we investigated the influence of CD4*
iNKT cells on Tcon-mediated GVT effects. In this study, augmenting
Tcon grafts with CD4 " iNKT cells preserved GVT effects in 2 tumor
models. Although we did not find a significant difference in luc* BCLI
tumor clearance in BALB/c recipient mice treated with CD4* iNKT cells
only compared with control animals, we did observe significantly
decreased bioluminescence signal intensities and a significant survival
benefit in BALB/c recipient mice that received luc™ A20 lymphoma
cells, suggesting that, in some circumstances, CD4 " iNKT cells have
modest antitumor activity. Therefore, CD4 " iNKT cells do not abrogate
Tcon-mediated GVT effects but may be able to exert distinct antitumor
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Figure 6. CD4" iNKT cells preserve Tcon-mediated GVT reactions against A20 lymphoma cells. (A) Tumor growth of luc* A20 cells was assessed by BLI. Shown are
representative bioluminescence images of day +16. (B) Bioluminescence signal intensity and (C) survival of BALB/c mice throughout the whole experiment. Shown is 1 of 2
independent experiments with 5 animals per group except irradiation control (n = 3). tindicates all animals from the respective group died or needed to be euthanized. Error

bars indicate standard error of the mean.

activity by themselves in the setting of allogeneic HCT. iNKT cells
mediate tumor control through the granzyme B/perforin and Fas/FasL.
pathways.?®2° In humans, high iNKT cell numbers or activation of
iNKT cells through glycolipids correlates with an improved outcome
in different types of cancer.>*3*

Recent retrospective clinical data strongly support the beneficial
immunologic effects of donor iNKT cells in the setting of allogeneic
HCT in humans. Chaidos et al** showed in a multivariate analysis
that a higher graft iNKT cell dose was associated with a significantly
lower risk of acute GVHD. Similarly, Rubio et al*® found that low
peripheral blood iNKT:T-cell ratios posttransplant were an in-
dependent factor associated with the occurrence of acute GVHD.
Taken together, iNKT cells play a central role in promoting toler-
ance following allogeneic bone marrow transplantation in humans.
Cellular immunotherapy with iNKT cells might harbor some benefits
compared with the adoptive transfer of Tregs. In previous clinical
trials, Tregs were characterized by the expression of surface mol-
ecules because intracellular staining for nuclear transcription factor
FoxP3 is not feasible in the context of adoptive transfer of live
cells.>* In contrast, iNKT cells are clearly defined through their
semi-invariant TCR, allowing the isolation of a pure cell population.
Depending on the protocol, the in vitro expansion capacity of iNKT
cells is several thousand fold and thus is much higher than that of
Tregs.>**” iNKT cells can be expanded easily from donor peripheral
blood, whereas apheresis eventually followed by in vitro expansion is
required for Tregs. Moreover, we showed that much lower iNKT cells

doses were necessary to confer protection from GVHD lethality
compared with Tregs. iNKT cells may also contribute to GVT effects
as shown in Figure 6 and supplementary Figure 2, whereas no such
antitumor effects have been observed for Tregs alone.> However,
further studies are required to investigate the impact of posttrans-
plant immunosuppressive drugs on donor iNKT cells.

In conclusion, low numbers of highly purified and adoptively
transferred CD4 " iNKT cells protect from GVHD morbidity and
mortality through an expansion of donor Tregs while retaining
GVT effects. Despite the fact that human iNKT cells are a rare cell
population, the robust in vivo activity at low cell numbers and
feasibility of in vitro expansion and activation provides the basis for
clinical translation. Adoptive transfer of iNKT cells is an appealing
approach to overcome alloimmunity after allogeneic HCT.
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