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Editorial on the Research Topic

Cutting-Edge Translational Research in Graft-Versus-Host Disease (GVHD) and Graft-Versus-
Tumor (GVT) Effect after Allogeneic Hematopoietic Cell Transplantation

Allogeneic hematopoietic cell transplantation (allo-HCT) is a highly effective treatment for
hematological malignancies. However, the effect of allo-HCT is limited by the occurrence of
acute graft-versus-host disease (GVHD), which is a life-threatening complication of allo-HCT that
occurs in up to 50% of the patients (1).

In this Research Topic, the authors cover recent advances of pathophysiology, uncommon
manifestations, prevention and treatment strategies for GVHD, as well as approaches to enhance
graft-versus-tumor (GVT) activity. The authors also discuss the biology of GVHD in mouse models
as well as aspects of clinical translation.

GVHD is mediated by alloreactive donor T cells, which recognize MHC molecules as foreign.
While alloreactivity is causative for GVHD, it is also necessary to provide the beneficial GVT effect.
Huang et al. describe how metabolic modulation of donor T cells could help to reduce GVHD
without loss of GVT by targeting glycolysis. The beneficial effects of allo-HCT against malignant
tumor cells is not restricted to hematological malignancies as Bates et al. for example explored allo-
HCT as platform for the treatment of neuroblastoma. The authors assessed how combining
immunocytokine treatment and ex vivo activated NK cell infusions could serve as intervention to
provide GVT activity in a murine GD2+ neuroblastoma model. Ex vivo expanded allogeneic T cells
may also have activity in anti-viral immunity. Kim et al. describe how antigen specific T cells from
donors recovered from Covid-19 can be expanded and manufactured to treat severe disease in
partial HLA-matched recipients.
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However, even though allo-HCT can be a life-saving
intervention, the risk for developing GVHD remains an
important point to consider. Research around the
pathophysiology and the prevention of GVHD remains a key
column for the success of allo-HCT. Due to the prominent role of
alloreactive T cells in the induction of GVHD, Jiang et al. review
current literature concerning the roles of different T cell subset
and their respective cytokine signatures in the context of GVHD
and GVT. They also outline preclinical data on the role of these
subsets in both, GVHD and GVT effects, and subsequently
address strategies to translate these findings to prevent GVHD
in patients. Another factor that can be modified to reduce GVHD
is the pre-transplant conditioning as it leads to release of danger
signals (2). Based on the observation by some investigators that
reduced conditioning was associated with higher relapse rates
compared to full intensity conditioning (3, 4), Davis et al.
elaborate on the potential benefits of repurposing ruxolitinib
and venetoclax as pre-transplant medications to improve
engraftment and GVT effects while reducing GVHD.
Ruxolitinib was developed from the mouse model (5) into
clinical application in first treatment series (6) and then in
prospective phase III trials for acute and chronic GVHD (7, 8).
Venetoclax, sorafenib (9) and other targeted therapies hold
promise to enhance the GVT effect.

Besides the topic of strategies to reduce GVHD incidence and
severity, this Research topic also covers risk factors that favor the
development of GVHD. In their contribution to this series,
Khuat et al. investigate how various parameters like the
microbiome and high-fat diet, which are addressed using
different mouse models, promote and exacerbate GVHD.

The pathophysiology of GVHD is based on a pro-
inflammatory environment produced in the target organs, most
prominently the skin, liver and gastrointestinal tract (GI). GI
manifestations of GVHD however mostly contribute to reduced
quality of life and mortality (10) and are mediated by T cells and
neutrophils (11). Rayasam and Drobyski review the most
foundational studies conducted in animal models that focus on
preventing GI-GVHD and how these findings were translated into
clinical applications. While the classical GVHD target organs are
GI tract, liver and skin, increasing evidence suggests that also other
organs such as the kidney, lungs or lymphatic tissues may be
affected. In mouse models, T cells and microglia activation were
shown to contribute to central nervous system (CNS)-GVHD (12,
13). Clinical studies on neurologic complications after allo-HCT
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Management for high-risk neuroblastoma (NBL) has included autologous hematopoietic
stem cell transplant (HSCT) and anti-GD2 immunotherapy, but survival remains around
50%. The aim of this study was to determine if allogeneic HSCT could serve as a platform
for inducing a graft-versus-tumor (GVT) effect against NBL with combination
immunocytokine and NK cells in a murine model. Lethally irradiated C57BL/6 (B6) x A/J
recipients were transplanted with B6 bone marrow on Day +0. On day +10, allogeneic
HSCT recipients were challenged with NXS2, a GD2* NBL. On days +14-16, mice were
treated with the anti-GD2 immunocytokine hu14.18-IL2. In select groups, hu14.18-IL2
was combined with infusions of B6 NK cells activated with IL-15/IL-15Ro and CD137L
ex vivo. Allogeneic HSCT alone was insufficient to control NXS2 tumor growth, but the
addition of hu14.18-IL2 controlled tumor growth and improved survival. Adoptive transfer
of ex vivo CD137L/IL-15/IL-15Ra activated NK cells with or without hu14.18-IL2
exacerbated lethality. CD137L/IL-15/IL-15Ra activated NK cells showed enhanced
cytotoxicity and produced high levels of TNF-ou in vitro, but induced cytokine release
syndrome (CRS) in vivo. Infusing Perforin”~ CD137L/IL-15/IL-15Ra activated NK cells had
no impact on GVT, whereas TNF-o.”~ CD137L/IL-15/IL-15R0. activated NK cells improved
GVT by decreasing peripheral effector cell subsets while preserving tumor-infiltrating
lymphocytes. Depletion of Ly49H" NK cells also improved GVT. Using allogeneic HSCT
for NBL is a viable platform for immunocytokines and ex vivo activated NK cell infusions,
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but must be balanced with induction of CRS. Regulation of TNFa or activating NK subsets
may be needed to improve GVT effects.

Keywords: immunocytokine, NK cells, neuroblastoma, graft-versus-tumor effect, cytokine release syndrome

INTRODUCTION

Neuroblastoma (NBL) is the most common extracranial solid
tumor that occurs in children. For children with tumors that
either have high risk biologic features or with metastatic disease,
overall survival is still poor despite an aggressive treatment
regimen that includes chemotherapy, surgery, autologous
hematopoietic stem cell transplant (HSCT), radiation, and
maintenance therapy with cis-retinoic acid (1). The addition of
the monoclonal antibody (moAb) dinutuximab (which targets
the NBL-associated antigen GD2), interleukin-2 (IL-2) and
granulocyte-monocyte colony stimulating factor (GM-CSF)
improved event-free and overall survival (2), but is not
curative for the majority of patients who will ultimately relapse
and die. Another treatment approach is needed that can
potentially improve survival further and lead to a long-term cure.

Allogeneic HSCT was initially used in children with NBL about
30 years ago with some reports of clinical responses (3), but was
never shown superior to autologous HSCT (4-6). Because there
has not been convincing evidence of a graft-versus-tumor (GVT)
effect against NBL (6-8), and because allogeneic HSCT introduces
the life-threatening potential for graft-versus-host-disease
(GVHD), autologous HSCT remains the standard of care. In
fact, current protocols are incorporating tandem autologous
HSCTs as consolidative therapy to improve event-free survival
(9). Because of both preclinical evidence (10, 11) and case reports
suggesting some clinical benefit of allogeneic HSCT in NBL,
particularly in the haploidentical setting (12, 13), the objective of
this preclinical study was to incorporate haploidentical HSCT as a
platform for a combined immunotherapy regimen to enhance the
GVT effect against NBL.

Until 2019, dinutuximab was given with GM-CSF and IL-2 in
the Children’s Oncology Group (COG) as separate treatments as
part of upfront maintenance therapy for NBL. Due to excessive
toxicity associated with systemic IL-2 administration without
clear added benefit, COG eliminated usage of IL-2 and now
dinutuximab and GM-CSF are used. One means by which to
maintain the beneficial activation of IL-2 for antibody-dependent
cellular cytotoxicity (ADCC) without systemic toxicity is to
restrict its use to the immune synapse. Hul4.18-IL2 is a fusion
protein consisting of human IL-2 genetically linked to the
carboxyl-termini of each human IgG1 heavy chain of the GD2-
specific hul4.18 moAb. This “immunocytokine” (IC) provides a
local source of IL-2 at the immunological synapse between the
effector cell and the NBL, activating immunity against GD2"
tumors. Hul4.18-IL2 has been used in both phase I and phase II
trials in children with refractory NBL and melanoma, with
reversible toxicities and complete responses observed in both
phase IT NBL trials (14, 15). However, hul4.18-IL2 therapy is not
curative when used as a single agent to treat macroscopic

refractory or recurrent NBL, and has never been tested after
allogeneic HSCT. The mechanism of action for hul4.18-IL2 is
thought to be, at least in part, from ADCC from natural killer
(NK) cells (16).

Because of the availability of clinical grade cytokines and
artificial antigen presenting cells (aAPCs), infusion of high
numbers of purified, ex vivo activated NK cells are emerging
from preclinical models into clinical trials. NK cells have already
been shown to have cytotoxicity in vitro against a variety of NBL
cell lines (17) and primary patient tumors (18, 19) as well as
in vivo with xenograft NBL models (20). In addition, the
lymphopenic environment induced from the conditioning
regimen for allogeneic HSCT is conducive for NK cell
expansion given the presence of high levels of IL-15 (21).
Lastly, NK cells produce growth factors like IL-1f3, IL-6, G-CSF
and GM-CSF that can support engraftment (22).

NK cells possess inhibitory receptors on their cell surface that
can “turn off” the cells when they engage major histocompatibility
complex (MHC) antigens (23, 24). Our current standard of
administering an anti-GD2 moAb (dinutuximab) after
autologous HSCT is limited in that the patient’s own NK cells
must engage the antibody to eliminate the tumor, and risk
engaging sel-MHC on the tumor that could “turn off” the NK
cell. In fact, two studies in children with NBL who were treated
with anti-GD2 based therapies (one with hul4.18-IL2 and one
with the moADb 3F8) reported a better response to therapy in those
patients that were self-killer immunoglobulin-like receptor (KIR)/
KIR ligand mismatched (25, 26), something that can be easily
achieved if NK cells came from an appropriately selected
allogeneic donor. In this study, we explore haploidentical
allogeneic HSCT in NBL-bearing mice as a means of insuring
that some of the inhibitory Ly49 receptors on donor murine NK
cells do not engage their cognate MHC ligand, potentially “turning
on” the NK cells and maximizing anti-tumor activity after
hu14.18-1L2 IC administration.

MATERIALS AND METHODS

Mice

C57BL/6NCr (B6, H-2"), Balb/cAnNCr (Balb/c, H-2%), CB6F1/
Cr (CB6F1, H-2" * ), B6Ly5.2/Cr (CD45.1" B6, H-2°), A/JCr (A/],
H-2%), and DBA/2NCr (DBA, H-2%) mice were purchased from the
National Cancer Institute (NCI) Animal Production Program and
Charles River Laboratories International (Frederick, MD). B6AJF1
(H-2° * ), C57BL/6-Prfl<tm1Sdz>/] (Perforin”", H-2°) and
B6.129S-Tnf<tm1Gkl>/] (TNFo”", H-2°) were purchased from
the Jackson Laboratory (Bar Harbor, ME). Mice were female and
used between 8 and 16 weeks of age. All animals were housed in a
pathogen-free facility throughout the study. The Animal Care and
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Use Committees (ACUC) at the University of Wisconsin
(M005915, M01246) and National Institutes of Health (PB027)
approved all protocols.

Bone Marrow Transplantation (BMT)

On BMT Day +0, bone marrow (BM) cells were harvested from
donor mice and T cell depleted as previously described (27). BM
recipients were lethally irradiated with a single fraction of 1100
rads (B6AJF1) or 1000 rads, (B6), 800 rads divided in two 400 rad
fractions separated 4 hours apart (Balb/c) or 750 rads divided
into two 375 rad fractions separated 4 hours apart (A/]).
Irradiated BM recipients were then injected intravenously (i.v.)
with 5 x 10° CD3-depleted BM cells in serum-free RPMI
(Invitrogen, Carlsbad, CA). In select groups, T cells from
donor mice were isolated from spleens using magnetic cell
selection (Miltenyi Biotec, Auburn, CA), and injected iv. with
the BM. Mice were weighed individually biweekly, and the mean
weight of each treatment group was calculated at each time point
and compared with the day +0 weight. GVHD was monitored
using a clinical scoring system (28). Veterinarians and veterinary
technicians who were blinded to the experimental groups
examined for moribund mice, and assessed the mice daily in
accordance with approved institutional protocols.

Tumor Cell Lines

NXS2 is a murine GD2" NBL cell line on an H-2* background
(29), and was obtained from Ralph Reisfeld (Scripps Research
Institute). N18TG2 is also murine GD2* NBL cell line on an H-2°
background and was obtained from Sigma-Aldrich, Inc (St
Louis, MO). Neuro-2a is a murine GD2" NBL cell line on an
H-2" background, and was obtained from ATCC (Manassas,
VA). 9464D is a murine GD2" NBL cell line on an H-2°
background, and was obtained from Jon Wigginton (while
previously at the National Cancer Institute, Frederick, MD).
Yac-1 is a murine B cell lymphoma cell line on an H-2°
background and was obtained from ATCC. A20 is a murine B
cell lymphoma cell line on an H-2¢ background and was
obtained from ATCC. Cell authentication was performed using
short tandem repeat analysis (Idexx BioAnalytics, Westbrook,
ME) and per ATCC guidelines using morphology, growth
curves, and Mycoplasma testing within 6 months of use using
the e-Myco mycoplasma PCR detection kit (iNtRON
Biotechnology Inc, Boca Raton, FL). All tumor cells were
maintained in culture at 37°C in 5% CO, in Complete Mouse
Media (CMM), and used after 3-5 passages in culture
after thawing.

In Vivo Tumor Challenge

Exponentially growing NBL tumor cells were prepared as a single
cell suspension in serum-free RPMI and injected into the
subcutaneous fat of the shaved flank at a dose of 2 x 10°
tumor cells on day +10 after HSCT. Tumors were measured in
2 dimensions (length x width) 1-2 times a week by digital caliper.
Tumor growth = length x width (mm?). Mice were euthanized
with CO, when tumor diameters reached 2 cm in any dimension,
in accordance with animal protocols. If a mouse was found dead,
the previously recorded tumor measurement was carried for the

rest of the data points of the experiment for the purposes of
statistical comparison. Exponentially growing A20 tumor cells
were prepared as a single cell suspension in serum-free RPMI
and injected as 2.5 x 10° cells i.v. on Day +5 into Balb/c mice.

NK Cell Isolation and Activation

NK cells were purified from single cell suspensions of spleens
using magnetic cell selection (Miltenyi Biotec) and placed into
CMM and 10ng/mL recombinant IL-15/IL15Ro complex
(eBioscience, San Diego, CA) at 37°C in 5% CO,. Because IL-
15 is typically presented in trans by IL-15Ra, the complex was
utilized to potently increase IL-15 bioactivity. Artificial antigen
presenting cells (aAPCs) consisted of irradiated (10,000 rads)
Yac-1 cells or Yac-1 cells transfected with CD137L (Yacl-
CD137L) (30). For in vivo infusions, NK cells were incubated
with aAPCs at a 1:1 ratio for 1 week, then washed in PBS and
resuspended in serum-free RPMI prior to injection. IL-15/IL-
15R0. was replaced two times per week.

Adoptive NK Cell Infusions and
Immunocytokine Therapy

In select experiments, allogeneic HSCT recipients were treated
on day +14 with ex vivo IL-15/IL-15Ra or CD137L/IL-15/IL-
15Ra activated NK cells. On days 14-16, select groups were also
treated with either PBS or 50mcg hul4.18-IL2 iv. (Apeiron
Biologics, Vienna, Austria) alone or in combination with
CD137L/IL-15/IL-15Ro. NK cells.

Ly49H" NK Depletion

Ly49H" NK cells were depleted using a purified 3D10 clone
(Biolegend Cat # 144704) (31). Basically, B6AJF1 mice were
transplanted as above with B6 BM and challenged with NXS2
tumors on Day +10. On Day +12, 48hrs before NK injection,
200ug of anti-Ly49H or IgG1 isotype control was given IP per
mouse. On Day +14, 1 x 10° CD137L/IL-15/IL-15Ra NK cells
were infused IV per mouse with 50ug hul4.18-IL2, and mice
were followed for tumor growth.

Flow Cytometric Analysis

In brief, 1 x 10° freshly isolated, erythrocyte-depleted
splenocytes, lymph node, BM cells, or expanded NK cells were
stained at 4°C for 20 minutes with a monoclonal antibody
cocktails containing either NK1.1-PerCP Cy5.5 (Cat # 108728)
or NKI1.1-PE (Cat # 108708) (BioLegend, San Diego, CA),
Ly49C/I-FITC (Cat # 553276), Ly49H-FITC (Cat # 562536)
(BD-Biosciences, San Jose, CA) or Ly49H-PE-Cy7 (Cat #
144714, BioLegend), B220-BV421 (Cat # 103251, BioLegend),
CD4-eFluor 450 (Cat # 48-0048-42, Thermo Fisher Scientific),
CD45.2-PerCP Cy5.5 (Cat # 109828, BioLegend) or CD45.2-
FITC (Cat # 109806, BioLegend), CD8-PE (Cat # 100708,
BioLegend) or CD8-APC (Cat # 100712, BioLegend), CD45.1-
APC (Cat # 110714, BioLegend) or CD45.1-Pacific Blue (Cat #
110722, BioLegend), GD2 PE (Cat# 357304, BioLegend), FasL-
APC (Cat # 106610, BioLegend), and TRAIL-PerCP-Cy5.5 (Cat
# 109314, BioLegend) and then washed in fluorescence-activated
cell sorting (FACS) buffer (phosphate-buftered salt solution with
0.2% fetal calf serum and 0.1% sodium azide). For degranulation
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and intracellular cytokine analysis, expanded NK cells were
incubated with or without PMA (50 ng/ml) and ionomycin (1
ug/ml) for 1 hour 37°CC in 5% CO,. Then GolgiSTOP
(monesin) and GolgiPLUG (brefeldin A) were added and the
cells were incubated for an additional 4 hours. Cells were then
harvested and stained with surface monoclonal antibodies. This
was followed by fixation and permeabilization using the BD
Cytofix/Cytoperm Fixation/Permeabilization Kit (Cat # 554714,
BD) and staining with monoclonal antibody TNFa-AF647 (Cat
# 506314, BioLegend). Flow cytometry data was acquired on a
MACSQuant analyzer 10 (Miltenyi Biotec) and mqd files were
converted to fcs files using The MACSQuantify " Software or
Attune NxT flow cytometer (Thermo Fisher). Listmode data
were analyzed using FlowJo software (FlowJo, Ashland, OR).

Cytokine Production

For in vitro studies, NK cells were expanded with 10ng/mL IL-
15/IL-15Ra alone or with Yacl-CD137L and IL-15/IL-15Ra. for
1 week, then cultured at 1 x 10° cells/ml in CMM at 37°CC in 5%
CO, for 3 hours. Supernatants were harvested and analyzed by
enzyme-linked immunosorbent assays (ELISA) for murine
TNFo. (R&D Systems, Minneapolis, MN) according to
manufacturer’s instructions. ELISA plates were read on a
VersaMAX Microplate Reader at 450nm and analyzed using
SoftMAX Pro 5 reader (Molecular Devices, Sunnyvale, CA). For
in vivo studies, allogeneic HSCT mice had peripheral blood
collected by heel stick. Serum was isolated and frozen at -20°C
until used in a V-Plex Plus Pro-Inflammatory Panel 1 mouse kit
according to manufacturer’s directions (Meso Scale Diagnostics,
Rockville, MD). Samples were run in duplicate on a
MesoQuickplex SQ 120 multiplex cytokine analyzer (Meso
Scale Diagnostics).

Cytotoxicity Assays

Cytotoxicity is performed using a Promega CytoTox 96 Non-
Radioactive Cytotoxicity assay. Cytotoxic activity is colorimetrically
measured by the amount of lactate dehydrogenase (LDH) released
by the cells plated within a 96 well plate. Color formed by lysed cells
is measured by wavelength absorbance (490nm). Cells plated in the
assay are a ratio concentration of effector cells (NK cells) to target
cells (tumor cells) diluted 2-fold starting at 20:1 to 5:1 effector:target
(E:T) ratio. Effectors and target cells were co-incubated for 4 hours
at 37°C before measuring wavelength absorbances on a VersaMAX
Microplate Reader. Spontaneous release was determined by adding
100 pl of media to 100 pul of tumor cells. Maximum LDH release
was determined by adding 100 uL of 1X-Triton X-100 detergent
(Sigma-Aldrich, cat#: 9002-93-1) to tumor cells. Specific LDH
release was calculated as: % lysis = 100% x (Experimental-
Spontaneous)/(Maximum-Spontaneous). Additional cytotoxicity
assays were performed using a calcein-AM release assay.
Cytotoxic activity was measured by the amount of calcein
released from lysed target cells plated within a 96 well plate. Cells
were plated in the assay at a 5:1 E:T ratio. Following co-incubation
for 4 hours at 37°C, supernatant calcein signal was measured using
a fluorescent plate reader at 495/515 nm. Maximum calcein release
was determined by adding 100 pL of 1X-Triton X-100 detergent to
tumor cells and % lysis was calculated as above.

Statistical Analysis

Statistics were performed using GraphPad Prism version 9.0 for
the Macintosh OS (GraphPad Software, San Diego, CA).
Significant differences when comparing 2 groups were
determined by the 2-tailed Mann-Whitney test or unpaired t
test with Welch’s correction. The Kruskal-Wallis with Dunn’s
multiple-comparison post-test was used to assess statistical
differences among 3 or more groups. Survival analysis was
plotted according to the Kaplan-Meier method, and statistical
differences were determined with the log-rank test. A p value less
than 0.05 was considered statistically significant.

RESULTS

Because IC have never been used after allogeneic HSCT, we
established a MHC-mismatched haploidentical allogeneic HSCT
model (H-2° = H-2° x H-2%) whereby lethally irradiated B6AJF1
recipients were transplanted with T cell depleted B6 BM and
0-2.5x10°B6 T cells on day +0 (Figure 1A). Because the donor
and host cells are MHC-mismatched (in the GVH direction), the
presence of T cells in the BM graft leads to weight loss
(Figure 1B) and lethal GVHD in less than 30 days
(Figure 1C). The addition of IC following such a transplant is
safe in the absence of T cells (Figure 1C), but in the presence of
2.5 x 10° T cells there is still GVHD lethality (Figures 1C, D).
Decreasing the amount of T cells in the donor graft reduces
GVHD lethality (Figure 1D), suggesting there is a T cell
threshold where one could safely administer IC. In fact, 2.5
x10% and 2.5 x 10° T cells are well tolerated with IC and do not
induce lethal GVHD (Figure 1D). Analysis of immune
reconstitution shows a marked decrease in B220" B cells in
allogeneic HSCT recipients of 2.5 x 10° T cells (Figure 1E), a
surrogate of GVHD in other murine allogeneic HSCT models
(32, 33), as well as marked decreases in NK cells (Figure 1F) and
CD8" T cells (Figure 1G), the cells that would typically respond
to IC bound to tumor (16, 25). Both T cell depleted grafts and T
cell replete grafts generate a low percentage of regulatory T
cells (Figure 1H).

While human neuroblastomas ubiquitously express GD2,
murine neuroblastomas show variable expression of GD2
(Figure S1A). NXS2 was selected so that allogeneic donor cells
could be used from a C57BL/6 background, allowing for
potential usage of knockout mice as NK donors in future
experiments. Because children with solid tumors have the best
outcomes when transplanted in remission, GD2" NXS2
inoculation was performed on Day +10 after HSCT to mimic
tumor relapse post-HSCT. Initially we compared syngeneic and
allogeneic HSCT and found that both groups developed tumors,
but NXS2 tumors in allogeneic HSCT recipients were smaller
(Figure S1B), supporting rationale for a GVT effect in this
model. We next examined allogeneic HSCT recipients (with
add back of a nonlethal dose of T cells in the graft to avoid
lethal GVHD but maintain some residual dose to mimic clinical
T cell depletion). We performed NXS2 inoculation on Day +10,
followed by 3 doses of IC on Days +14-16 (Figure 2A) to provide
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anti-GD2 tumor targeting for donor cells from the graft. Without
IC, NXS2 tumors became large (Figure 2B). Administering IC
significantly enhances the GVT effect by reducing tumor growth
after T cell replete allogeneic HSCT, but small tumors still
develop (Figure 2B). No differences were seen after T cell
depleted allogeneic HSCT (Figure 2B), suggesting both donor
T and NK cells are needed for optimal GVT effects of the IC.
Importantly the IC mediates GVT without exacerbating GVHD
(Figure 2C) after T cell replete allogeneic HSCT. Ex vivo
activation of additional effector cells (e.g. donor-derived NK
cells) that can recognize the tumor as allogeneic and/or respond
to the IC via ADCC may enhance the GVT effect and potentially
prevent tumor growth entirely.

Human aAPCs that express the co-stimulatory molecule 4-
1BB ligand (CD137L) have been shown to potently expand and
activate human NK cells (34-37), however has not been explored
on murine NK cells. Using a murine aAPC transfected with
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FIGURE 1 | Effect of hu14.18-IL2 after T cell deplete and replete alogeneic HSCT. (A) Lethally iradiated CD45.2* B6AJF1 mice (H-2° * ) were transplanted with: either
CD3e cell depleted (No T cell) or CD3e depleted BM replenished with 2.5 x 10° T cells (T cell) from congenic CD45.1* B6 mice (H-2°) on Day +0. On days +14-16,

PBS or hu14.18-IL-2 (IC) was administered and allogeneic HSCT recipients were followed for (B) GVHD-associated weight loss and (C) survival. N=5 mice/group. The no T
cell group was compared to the corresponding T cell group. (D) Lethally irradiated CD45.2* B6AJF1 mice were transplanted with either no T cells or CD3e depleted BM from
congenic CD45.1* B6 mice replenished with logarithmically increasing doses of T cells (2.5 x 10>-10°%) on Day +0. On days +14-16, IC was administered and allogeneic HSCT
recipients were followed for survival. Each group was compared to the 2.5 x 10° T cell group. Resuits pooled from 2 similar experiments, 5-10 mice/group. (E) Lethally
iradiated CD45.2* BBAJF1 mice were transplanted with either no T cells or CD3e depleted BM from congenic CD45.1* B6 mice replenished with no T cells, 2.5 x 10% or 10°
T cells on Day +0. On days +14-16, IC was administered and allogeneic HSCT recipients were sacrificed at Day +21 for flow cytometric analysis of B cells, (F) NK cells,

(G) CD8* T cells and (H) CD4* regulatory T cells in the spleen. Results pooled from 2 similar experiments, 5-10 mice/group. NS, not significant *p < 0.05, **p < 0.001.

CD137L in the presence of IL-15/IL-15Ro. expands purified
murine NK cells ex vivo (Figure 3A), with the highest yields
after 1 week at a 1:1 ratio of NK:aAPC (Figure 3B). Activating
NK cells with the CD137L" aAPC without IL-15/IL-15Ra. is
insufficient to sustain NK cell growth (data not shown). The
purity of NK cells after 7 days of ex vivo expansion is 90%
(Figure 3C). While the percentage and absolute numbers of NK
cells increase after ex vivo expansion, the percentage of NK cell
subsets within that expanded population also changes. There is a
mild but statistically significant increase in the percentage of
Ly49C+I" NK cells after ex vivo activation with IL-15/IL-15R0.
alone or with CD137L/IL-15/IL-15R0. compared to unexpanded
NK cells (Figure 3D). In contrast, we did not see any difterences
in the percentage of Ly49H" NK cells after ex vivo activation
(Figure 3E). Ex vivo activation also occurs, as evidenced by
enhanced NK cytotoxicity as measured by potency assays in vitro
(Figure 3F) and in vivo (Figure S2), and augmented TNF-o
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tumor growth was monitored by using a digital caliper as well as (C) clinical GVHD scores. N=5 mice/group. ** p = 0.01.

production (Figure 3G). There are no significant changes in the
percentage of cytotoxic (TRAIL", FasL* or CD107a") or TNF-o
producing Ly49 NK subsets (Figure S3). Interestingly, ex vivo
activated (H-2") NK cells demonstrate lysis of various syngeneic
(H—2b: 9464D) and allogeneic murine NBL cell lines (H-2%
Neuro-2A, N18TG2, NXS2), however no significant
improvement is seen with the addition of IC in vitro
(Figure 3H). Because GVT/GVHD is a complex phenomenon
that cannot be recapitulated in vitro, this observation led us to
test if there were characteristics of the allogeneic HSCT milieu
that could enhance a NK-mediated GVT effect with the addition
of IC against GD2" NBL in vivo.

During allogeneic HSCT, the GVT effect is mediated by T
cells and NK cells while GVHD is mainly mediated by o/f" T
cells. To determine the contribution of NK alloreactivity to a
GVT effect without contribution of donor T cells, we designed a
F1 into parent allogeneic HSCT model so that (1) any residual
donor T cells in the BM graft would be tolerized to host MHC
and minor histocompatibility antigens in the thymus and thus
not mediate GVHD (38), and (2) donor NK cells could still
mediate alloreactivity since the host would lack cognate MHC
ligands needed to engage donor Ly49 inhibitory receptors (39)
(Figure 4A). When we infused F1 NK cells into one parent strain

(H-2"*¢ 5 H-2%), we observed that allogeneic ex vivo activated
NK cells could mediate a mild weight loss (Figure 4B), but no
lethality was observed (data not shown). Lethality was observed
after infusion of F1 NK cells into the other parent strain (H-2"*¢
- H-2%), with significantly more lethality observed with NK cells
activated with CD137/IL-15/IL-15Ra after allogeneic HSCT than
infusing NK cells activated with IL-15/IL15Ro alone
(Figure 4C), indicating the contribution of CD137L during NK
expansion and host MHC molecules in driving toxicity. More
weight loss was seen with CD137/IL-15/IL-15Ro. NK cells
(Figure 4D). The infusion of ex vivo activated NK cells in a
fully MHC-mismatched, T cell depleted, allogeneic HSCT model
(H-2° = H-2%) leads to lethality with or without hul4.18-1L2
(Figure 4E), suggesting IC does not contribute to lethality.
Interestingly, when the allogeneic HSCT donor and recipients
were MHC-matched, minor histocompatibility antigen-
mismatched, no differences in weight loss (data not shown) or
lethality were observed (Figure 4F). Histopathologic
examination of classic acute GVHD target tissues (liver, gut,
skin) did not show any lymphocytic infiltrate (data not shown),
suggesting there was no direct attack of host tissues. Analysis of
serum cytokines, however, did show cytokine release syndrome
(CRS) with statistically significant increases in IL-6, IL-10 and
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FIGURE 3 | In vitro characterization of ex vivo CD137L/IL-15/IL.-15Ra expanded NK cells. Donor B6 NK cells were expanded in vitro with IL-15/IL-15Ra alone (0:1)
or with IL-15/IL-15Ra plus an aAPC expressing 4-1BBL (CD137L) at a logarithmically increasing dose of aAPC : NK cell ratios (0.1:1-10:1). (A) Cell counts were
enumerated twice per week. Results pooled from 4 separate cultures. (B) After 1 week, NK cells expanded without aAPC or IL-15/IL-15Ra. (unexpanded) were
compared to NK cells expanded with the aAPC at a 1:1 ratio (CD137L/IL-15/IL-15Ra expanded) for (C) NK1.1 purity, (D) inhibitory Ly49C/I expression and (E)
activating Ly49H expression. Results pooled from 2 separate experiments, 2-7 mice/group. (F) Balb/c NK cells (H-2% expanded with IL-15/IL-15Ro: or with IL-15/IL-
15Ra and CD137L aAPCs at a 1:1 NK:aAPC ratio for 1 week were compared for their ability to lyse syngeneic A20 (H—2d) or allogeneic Yac-1 (H-2% lymphoma cells
at various E:T ratios using a 4 hour LDH release cytotoxicity assay, performed in triplicate. (G) NK cells expanded without aAPC (IL-15) were compared to NK cells
expanded with the aAPC at a 1:1 ratio (IL-15/CD137L) and examined for TNF-a. production by ELISA, performed in triplicate. (H) B6 (H-2°) NK cells expanded with
IL-15/IL-15R0. and CD137L aAPCs at a 1:1 NK:aAPC ratio for 1 week were tested for their ability to lyse murine neuroblastoma cell lines Neuro2a, N18TG2, NXS2,
and 9464D (H-2%) using a 4 hour calcein-AM release cytotoxicity assay, performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, NS, not significant.

IL-12p70 and a decrease in TNFo noted 1 and/or 2 weeks afterex ~ TNFa. production ex vivo (Figure 3G), we wanted to determine if
vivo activated NK infusion as compared to recipients of  the GVT effect was mediated by contact-dependent killing (via
allogeneic HSCT alone (Figure 5). No differences in IFNYy, IL-  perforin) or contact-independent cytokine release (via TNF-o
1B, IL-2, IL-4, IL-5 and CXCL1 were observed (Figure $4). release), and whether abrogating these pathways would impact

Immune profiling of allogeneic HSCT recipients showed mild ~ GVT. Infusion of Perforin”™ ex vivo activated NK cells with IC
increases in B cells and CD8" T cells after tumor inoculation, but  did lead to a slight delay in tumor growth, but ultimately tumors
no changes in NK cells (Figure 6A). While adoptive transfer of ~ overtook the mice (Figure 6B). But when we infused ex vivo
wild type NK cells did not increase the total percentage of NK  activated TNFo.’” NK cells after allogeneic HSCT with IC, we
cells in the host, total NK cells did increase after IC  observed improved tumor control compared to ex vivo activated
administration but without enrichment of inhibitory Ly49C/I* ~ TNFo”* NK cells (Figure 6C), suggesting TNFo. may be
or activating Ly49H" NK subsets (Figure 6A). Because ex vivo  contributing to CRS in a manner that attenuates the GVT
activated NK cells showed superior cytotoxicity in vitro  potential of the infused NK cells. Flow cytometric analysis of
(Figure 3F) and in vivo (Figure S2), as well as high levels of  splenocytes of mice treated with ex vivo activated TNFo” NK
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cells showed a decrease in T cells and NK cells, with specifically
less CD69*, CD107a", and TRAIL" NK cells seen in the
periphery (Figure 6D). However, there were no differences
between these NK subsets within the tumor (Figure S5).
Depletion of Ly49H" NK cells, which represent an NK subset
bearing an activation receptor that can engage MHC (H-Zb) on
B6AJF1 host tissues, after NK infusion also led to improved
tumor control early after tumor development (Figure 6E),
suggesting blockade of TNFo-producing or depletion of
activated NK cell subsets may help regulate toxicity while
preserving GVT responses against NBL.
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FIGURE 4 | Effects of ex vivo expanded NK cells after syngeneic and allogeneic MHC-matched and mismatched HSCT. (A) Child into parent HSCT schema showing how
“missing self” in host prevents engagement of Ly49 inhibitory receptors on donor NK cells. (B) Lethally irradiated B6 mice (H-2°) were transplanted with CD3e cell depleted
BM from B6 (H-2°) or CB6F1 mice (H-2°% on Day +0. On Days +3, +10, and +17 HSCT recipients received donor-derived, CD137L/IL-15/IL-15Ra expanded NK cells in
increasing dose increments of 1, 2 or 3 x 10° cells, and were followed for weight loss and survival. N=5 mice/group. (C) Lethally irradiated Balb/c mice (H-2% were
transplanted with CD3e cell depleted BM from CB6F1 mice (H-2° * ) on Day +0. On Day +1 HSCT recipients received 5 x 10° CB6F1 NK cells (H-2bxd) cultured in IL-15
alone, or activated with CD137L/L-15/IL-15R0,, and were followed for survival and (D) weight loss. Lethally irradiated Balb/c mice (H-2% were transplanted with CD3e cell
depleted BM from CB6F1 mice (H-2° * %) on Day +0. On Day +1 HSCT recipients received 5 x 10° CB6F1 NK cells (H-2"%) cultured in IL-15 alone, or activated with
CD137/IL-15/IL-15Re., and were followed for survival. Results pooled from 2 separate experiments, 9 mice/group. (E) Lethally irradiated A/J mice (H-27%) were transplanted
with CD3e cell depleted BM from B6 mice (H-2°) on Day +0. On Days +14-16, PBS (No IC) or hu14.18-IL-2 (IC) was administered. On Day +16, select groups were
infused with 2.5 x 10° CD137L/IL-15/IL-15Ra. expanded B6 NK cells and followed for survival. N= 5 mice/group. (F) Lethally iradiated Balb/c mice (H-2% were transplanted
with CD3e cell depleted BM from DBA mice (H-2% on Day +0. On Day +1 HSCT recipients received 5 x 10° CB6F1 NK cells (H-2° * ) cultured in IL-15/IL-15Rot alone, or
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activated with CD137L/IL-15/IL-15Ra, and were followed for weight loss and survival. N=5 mice/group. *p < 0.05.

DISCUSSION

While haploidentical allogeneic HSCT is effective against
leukemia (40), despite the publication of preclinical data (10,
11) and clinical data from case series describing the impact of
allogeneic HSCT on NBL (12, 13), significant barriers are
preventing allogeneic HSCT from more widespread testing as
potential therapy for children with high risk or metastatic NBL.
Barriers include the absence of conclusive evidence of a GVT
effect against NBL and the development of GVHD that
contributes to treatment-related mortality (41). We
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FIGURE 5 | Ex vivo CD137L/IL-15/IL-15Ra. expanded NK cells mediate cytokine release syndrome in vivo. Lethally irradiated B6AJF1 mice (H-2° * @) were
transplanted with CD3e cell depleted BM from B6 mice (H-2°) on Day +0. On Day +10, 2 x 10° NXS2 tumor cells were inoculated into the right flank. On days +14-
16, hu14.18-IL-2 (IC) was administered. On Day +16, groups were infused with PBS or 2.5 x 10° CD137L/IL-15/IL-15Ra expanded B6 NK cells. Peripheral blood
was collected pre-alloHSCT, and then 3 and 4 weeks post-alloHSCT. Serum was isolated from each blood sample and all timepoints were frozen, batched and
analyzed in duplicate by multiplex cytokine array. N= 5 mice/group. “p < 0.05, **p < 0.01, **p < 0.001.

hypothesized that these barriers may be overcome by: 1) using T
cell-depleted haploidentical allogeneic HSCT to enhance GVT
and minimize GVHD; 2) focusing the localization and activity of
the GVT inducing cells in the allogeneic HSCT via co-
administration of the anti-GD2 IC hul4.18-IL2; 3) augmenting
the capability of the GVT causing cells by selecting donors with
the appropriate haploidentical relationship to the patient to
enable NK allo-recognition in the GVT direction; and 4) co-
infusing ex-vivo activated NK cells.

We show for the first time that usage of an IC, in this case
hul4.18-IL2, is feasible and effective after allogeneic HSCT; IC
induces GVT without GVHD as long as the T cell dose is
minimized in the donor bone marrow graft. Because IL-2
could activate alloreactive T cells and exacerbate GVHD, but
also expand regulatory T cells and abrogate GVHD, it was not
clear what the effect of infusing IC would be after allogeneic
HSCT. With higher T cells doses, the IL-2 present on the IC may
have unintentionally stimulated alloreactive T cells from the
donor, leading to GVHD. Also, poorer immune reconstitution

was observed, which could reflect immunosuppression from
GVHD or reduced spleen size as allogeneic HSCT recipients
were dying from GVHD. With lower T cell doses, while anti-
tumor activity against GD2" NBL was observed as compared to
allogeneic HSCT recipients without IC, tumors still developed.
Because the mechanism of action of IC involves ADCC by NK
cells, allogeneic HSCT recipients are lymphopenic, and the post-
allogeneic HSCT milieu has high levels of IL-15 (21, 42), we
hypothesized that infusions of ex vivo activated NK cells from the
donor could enhance the GVT effect of the IC. Instead, we
observed that adoptive transfer of ex vivo activated NK cells led
to lethality in the presence or absence of IC.

NK cells have been adoptively transferred to recipients of
allogeneic HSCT in preclinical models, with promising anti-
tumor activity observed (43-46). Adoptive transfer of NK cells
can also inhibit acute GVHD by limiting expansion and
infiltration of donor T cells (47-49), producing TGE-B (45),
controlling infections (50), depleting recipient dendritic cells
(39), and improving lymphopenia (51). One limitation of
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FIGURE 6 | Impact of infusing ex vivo CD137L/IL-15/IL-15Ra expanded NK cells on GD2" NXS2 neuroblastoma growth after allogeneic HSCT. Lethally irradiated
A/J mice (H-2%) were transplanted with CD3e cell depleted B6 BM (H-2°) with 2.5 x 102 B6 T cells on Day +0. On Day +10, 2 x 108 NXS2 tumor cells were
inoculated into the right flank. On Days +14-16, hu14.18-IL-2 (IC) was administered. (A) Flow cytometric analysis of the spleen was performed on Day +7 (pre-
NXS2), +11 (post-NXS2, pre-IC or NK cells) or +18 (post-IC and/or NK cells). (B) On Day +16, select groups were infused with 2.5 x 10° CD137L/IL-15/IL-15Ro.
expanded NK cells from B6 wild type (Perf**) or B6 Perforin (Perf”) donors, or (C) B6 wild type (TNFo”*) or B6 TNFo”~ donors. (D) Both spleens and tumors were
harvested from recipients of B6 wild type (T NFo:*/ ") or B6 TNFo”" donors at Day +30 and analyzed for T cells and NK cell subsets. (E) Mice were transplanted and
challenged with NXS2 as above but on Day +16 were infused with 2.5 x 10° CD137L/IL-15/IL-15Ra. expanded NK cells from B6 wild type and then treated with
anti-Ly49H depletion or an isotype control. All mice were followed for NXS2 tumor growth. N=3-5 mice/group. *p < 0.05. ***p < 0.001. NS, not significant.

applying these murine studies to our data is that all but two of ~ NK cells expanded with either IL-2 (53, 54), or IL-15 and IL-21
these studies infused inactivated NK cells, and none of those after HLA-mismatched allogeneic HSCT (55-57) induced low
studies used a co-stimulatory molecule like CD137L to activate  rates and/or grades of GVHD, whereas infusion of NK cells
the NK cells. Using F1 into parent HSCT models, where T cells  activated with CD137L/IL-15 after HLA-matched allogeneic
cannot cause GVHD or alloreactivity, we observed weight lossor ~ HSCT led to higher rates and grades of GVHD (58). The exact
lethality depending on the recipient strain, suggesting ex vivo ~ mechanism of NK-mediated GVHD is unclear but our data
activated NK cells can mediate toxicity independent of T cell ~ suggests it could have been in part driven by CRS.

allorecognition. While this has not been observed in prior Because we used T cell depleted bone marrow and did not
preclinical studies of adoptively transferred NK cells, it is  detect NK cells in host tissues, we hypothesized that ex vivo
possible that the biology of NK cells is different in vivo after  activated NK cells mediated CRS that inhibited GVT. In fact,
activation by ex vivo as compared to inactivated NK cells. In  elevated levels of IL-6, IL-10 and IL-12p70 and decreased levels
vitro, ex vivo activated human NK cells can overcome KIR-  of TNF-o. were observed in allogeneic HSCT recipients who
mediated inhibitory signals (52). In clinical studies, infusion of  received ex vivo activated NK cells than in uninfused allogeneic
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HSCT recipients. We did observe a minor population of
regulatory T cells after IC administration that was not
influenced by the number of T cells in the donor graft. Given
the high IL-10 production observed after NK infusion, future
studies should examine the contribution of IC in activating
regulatory T cells and their role in GVT/GVHD/CRS in this
model. In addition, increased TNF-o production by NK cells has
been previously observed after haploidentical allogeneic HSCT
(59), yet the decreased level noted in our model was still clinically
significant. To determine if CRS was attenuating the GVT effect,
adoptive transfer of purified, ex vivo activated TNFo ’~ NK cells
was performed and significantly attenuated tumor growth,
suggesting that TNF-o production from ex vivo CD137L/IL-
15/IL-15Ra activated NK cells may be contributing to a CRS that
hinders anti-tumor effects. One potential mechanism could have
been disruption of TNF-o mediated priming of regulatory T cells
through TNFR2 (60, 61), reducing tolerance by/to the tumor.
Future studies should examine if TNF-o. may be activating
regulatory T cells which in turn suppress elimination of NBL
by T and NK cells. In addition, depleting ex vivo activated NK
cells that express the activating receptor Ly49H after infusion
improves early anti-tumor responses, overall suggesting that
hyperactivated NK cell subsets may have to be carefully
monitored after allogeneic HSCT as they may contribute to
toxicities like CRS than can undo GVT effects. To our
knowledge, this is the first example of CRS using adoptive
transfer of ex vivo activated NK cells in the allogeneic HSCT
setting. Because of the clinical availability of TNF-o inhibitors
like infliximab, or soluble TNF-a. receptor like etanercept, TNF-
o blockade could be explored clinically to improve the GVT
potential of ex vivo activated NK cells, but additional agents
would likely need to be explored to better control CRS,
like tocilizumab.

The preclinical data shown here provide preliminary
groundwork for more mechanistic studies to enable clinical
translation and evolution of existing pediatric trials using T
cell depleted (e.g. a/B T cell depletion) haploidentical
allogeneic HSCT for NBL by demonstrating the safety and
efficacy of the combination of IC and ex vivo activated NK cell
infusions to induce GVT effects against NBL. Clinical trials
incorporating o/f3 T cell depletion haploidentical HSCT are
underway at several pediatric centers as a means of depleting
GVHD-causing 0/p T cells while enriching the donor graft with
GVT-promoting /3 T cells and NK cells (62), including for
children with NBL (63, 64) (NCT02508038). A pilot trial testing
the combination of IC and ex vivo activated haploidentical NK
cell infusions in non-transplanted NBL patients is also underway
(NCT03209869) (65). Further studies are warranted with these
clinically available therapy platforms given the poor prognosis
for high risk NBL and lack of effective salvage regimens.
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Supplementary Figure 1 | Comparison of GD2 expression on murine NBL and
syngeneic versus allogeneic HSCT on NBL tumor growth. (A) Flow cytometric
expression of GD2 on murine NBL cell lines. (B) A/J mice were lethally irradiated and
transplanted with 5 x106 B6 BM cells and 2.5 x103 B6 T cells (allogeneic BMT) or
5 x10° A/J BM cells and 2.5 x10° A/J T cells (syngeneic BMT) on Day +0. On
Day +10, mice were inoculated subcutaneously with 2 x 10° NXS neuroblastoma
cells. Mice were followed for tumor growth. N = 5 mice/group. *p < 0.05.

Supplementary Figure 2 | In vivo potency of ex vivo activated NK cells. Balo/c mice
were lethally iradiated and transplanted with 5 x 10° CB6F1 BM cells (alogeneic HSCT) on Day
+0 as wellas 2.5 x 10° A20 lymphoma celis on Day +5. Then PBS (No NKs) or 6 x10° CB6F1
IL154L15R0. activated or CD137L/AL15/L15Ra activated NK cells were given on Day +13. Al
mice were followed for survival. N=5 mice/group. “p < 0.05 as compared to No NKs group.

Supplementary Figure 3 | Ly49 NK subset analysis. (A) Sample gating strategy
for analyzing Ly49C/I+NK1.1+ cells pre- and post-expansion by CD137L/IL15/
IL15R0. aAPCs at a 1:1 ratio for 1 week. (B) Flow cytometric analysis of Ly49H- and
Ly49H+ NK cell subsets for cytotoxicity markers (TRAIL, FasL and CD107a) and
cytokine production (TNFo) from a single expansion.
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2 Department of Hematology, Hokkaido University Faculty of Medicine, Sapporo, Japan

Acute graft-versus-host disease (GVHD) is a life-threatening complication that can
develop after allogeneic hematopoietic stem cell transplantation. In particular, the
prognosis of patients with steroid-refractory acute GVHD is extremely poor. Ryoncil™
(remestemcel-L), a human bone marrow-derived mesenchymal stem cell (MSC) product,
failed to show superiority over placebo in patients with steroid-refractory acute GVHD, but
it was approved for use in pediatric patients in Canada and New Zealand based on the
results of a subgroup analysis. Temcell®, an equivalent manufactured MSC product to
remestemcel-L, was approved in Japan based on small single-arm studies by using a
regulation for regenerative medicine in 2016. The efficacy of Temcell was evaluated in 381
consecutive patients treated with Temcell during the initial 3 years after its approval.
Interestingly, its real-world efficacy was found to be equivalent to that observed in a
prospective study of remestemcel-L with strict eligibility criteria. In this article, the potential
of MSC therapy in the treatment of acute GVHD is discussed. A meticulous comparison of
studies of remestemcel-L and Temcell, remestemcel-L/Temcell and ruxolitinib, and
remestemcel-L/Temcell and thymoglobulin showed that the precise position of
remestemcel-L/Temcell therapy in the treatment of acute GVHD remains to
be determined.

Keywords: graft-versus-host disease (GVHD), mesenchymal stem cell (MSC), steroid, ruxolitinib, thymoglobulin

INTRODUCTION

Acute graft-versus-host disease (GVHD) is a life-threatening complication that can develop after
allogeneic hematopoietic stem cell transplantation (HSCT) (1, 2). Systemic corticosteroid is a
standard first-line treatment, but the response rate ranges from 40% to 60% (3, 4). Many agents have
been evaluated as second-line treatment for acute GVHD (5, 6). However, no consensus has been
reached regarding the optimal approach for the management of steroid-refractory acute GVHD
(SR-aGVHD) (7). A recent, randomized, phase 3 study comparing ruxolitinib and control (nine
treatment options) for SR-aGVHD demonstrated a higher overall response (OR), defined as
complete response (CR) and partial response (PR), in the ruxolitinib group (8). However, the
study failed to demonstrate a significant advantage of using ruxolitinib in terms of overall survival
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(OS) or non-relapse mortality (NRM). Another recent,
randomized, phase 3 trial comparing inolimomab and control
(antithymocyte globulin) also demonstrated no significant
advantage using inolimomab in terms of OS (9). Thus, no
second-line treatment has been proven to improve survival in
patients with SR-aGVHD.

Mesenchymal stem cells (MSCs) have been extensively
studied as a treatment for SR-aGVHD (10). Efficacy of the
commercial MSC product remestemcel-L (Ryoncil ",
Mesoblast, Ltd, Melbourne, Australia; formerly Prochymal®,
Osiris Therapeutics, Columbia, MD, USA) was evaluated in a
randomized, phase 3 trial comparing the administration of
remestemcel-L and of placebo in conjunction with another
second-line therapy (11). Unfortunately, the study failed to
meet its primary endpoint of durable CR and the secondary
endpoint of the OR rate. Thus, despite a number of reports of
positive outcomes of MSC therapy, unambiguous evidence of
efficacy from randomized studies is still lacking (12).

However, the post hoc analyses of the randomized trial
demonstrated that the pediatric patients, as well as the patients
with liver involvement, in the remestemcel-L group had a
significantly higher OR rate than those in the placebo group
(11). In Japan, Temcell® (JCR Pharmaceuticals Co. Ltd, Ashiya,
Japan) was approved based on the results of small single-arm
studies as “regenerative medicine” via a new Japanese initiative
on stem cell therapies, which requires the results of additional
clinical trials to confirm safety and to predict likely efficacy, in
2016. Temcell, which has no generic name, is the equivalent
manufactured MSC product to remestemcel-L, derived from
unrelated adult bone marrow. We recently reported the
outcomes of 381 consecutive patients who were treated with
Temcell during the initial 3 years after its approval (13).
Interestingly, the treatment outcomes of Temcell in the real-
world setting achieved an efficacy equivalent to that obtained in a
prospective study of remestemcel-L. The multivariate analyses
identified some factors to predict a higher OR rate and lower
NRM after Temcell therapy in patients with SR-aGVHD.

This Mini Review article will discuss the potential of MSC
therapy in the treatment of acute GVHD based mainly on data
from the studies of a large number of patients receiving
remestemcel-L or Temcell.

A BRIEF REVIEW OF MSC THERAPY
FOR ACUTE GVHD

MSCs, which are alternatively defined as mesenchymal “stromal”
cells, can be isolated and expanded from various tissues
including bone marrow (14), umbilical cord (15), placenta
(16), adipose tissue (17), and dental pulp (18). In the bone
marrow, MSCs at different stages of maturation form the
hematopoietic stem cell (HSC) niche, which play an important
role in the maintenance and renewal of HSCs (19). These
properties may contribute to facilitating the engraftment of
transplanted HSCs, and therefore co-transplantation of MSCs
with HSCs has been widely studied to promote engraftment in

autologous and allogeneic HSCT (20-34). On the other hand,
MSCs interact with the innate and adaptive immune systems via
the direct cell-to-cell contact and the release of soluble factors,
resulting in the regulation of immune activities (19). These
properties may contribute to treating immune-mediated
diseases, and therefore administration of MSCs has been
widely studied to treat acute and chronic GVHD (11, 13, 35—
64). A recent mouse study suggested that MSCs promoted the
proliferation of innate lymphoid cells and their production of
interleukin-22 (65), which stimulate proliferation and
differentiation of intestinal stem cells to regenerate the
damaged tissue (66). However, this remains to be proved
clinically. Another recent study raised an alternative hypothesis
that an apoptosis of infused MSCs by recipient cytotoxic cells
may contribute to MSC-induced immunosuppression (67).

MSCs were initially manufactured at each transplant hospital
or factory by using various cell sources and culture methods,
resulting in heterogeneity of MSCs (68). Thereafter, a
commercial MSC product, remestemcel-L (Prochymal,
currently Ryoncil), was developed in the United States (38). In
Europe, a clinical-grade MSC product, called MSC-Frankfurt am
Main, can now be used in clinical practice across several
European countries (46, 52). According to the literature, more
than 1400 patients have received MSCs as treatment of acute
GVHD in the world (11, 13, 35-59). The numbers of acute
GVHD patients treated with MSCs by year of publication are
shown in Figure 1. Interestingly, there is a trend that OR rates
were higher in previous studies than in recent larger studies. For
all of these reported cases, the overall OR rate was 63%. Overall,
MSC therapy is well tolerated. Infusion-related reactions were
observed in 1.8% of patients who received remestemcel-L, less
than that in patients who received placebo (2.5%) (11). No
ectopic tissue formation has been reported. Although one
retrospective study found a significant increase of pneumonia-
related death with MSC therapy than without MSC therapy (59),
another retrospective study demonstrated no difference in the
risks of infections and relapse between MSC and non-MSC
therapies (58). There were no differences in the rates of
infection and relapse between the remestemcel-L and placebo
groups in a randomized study (11).

In this review, we particularly focus on three major studies of
commercial MSC products, including large number of patients
(11, 13, 56), in order to avoid heterogeneity of MSC product.

MSC THERAPY WITH REMESTEMCEL-L
FOR ACUTE GVHD

A randomized, phase 3 trial of remestemcel-L vs. placebo added
to another second-line therapy according to institutional
standards in patients with SR-aGVHD was conducted (11).
The main results of the study are summarized in Table 1. Of
the 260 randomized patients, 163 received at least one infusion of
remestemcel-L, and 81 received at least one infusion of placebo.
Remestemcel-L therapy did not meet the primary endpoint of
greater durable CR for at least 28 days within the first 100 days
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after enrollment (35% vs. 30%; P = 0.42). The proportions of
patients achieving OR on day 28 (58% vs. 54%; P = 0.59) and OS
on day 180 (34% vs. 42%; P = 0.60) were not different between
the remestemcel-L and placebo groups.

A single-arm expanded access treatment with remestemcel-L
in 241 patients under the age of 18 years with acute GVHD
resistant to multiple immunosuppressive therapies was
conducted (56). The main results of the study are summarized
in Table 1. Despite the fact that 50% of patients had grade D
acute GVHD (70), and 79% were classified as high-risk acute
GVHD (71), 65% of patients achieved OR on day 28. The
achievement of OR on day 28 was associated with higher OS
on day 100: 82% in patients with OR and 39% without OR (P <
0.0001, log-rank test).

MSC THERAPY WITH TEMCELL
FOR ACUTE GVHD

More recently, real-world outcomes for 381 patients who received
Temcell as a health insurance-covered treatment for acute GVHD
were reported from Japan (13). The main results of the study are
summarized in Table 1. Of the 309 patients, 56% achieved OR on
day 28. Of the 153 patients who received Temcell as a second-line
therapy following first-line steroid therapy for classic acute
GVHD, 61% achieved OR on day 28. Thus, the treatment of
acute GVHD with Temcell covered by health insurance in Japan
achieved an efficacy equivalent to that obtained in prospective
studies of remestemcel-L with strict eligibility criteria.

On multivariate analysis, liver involvement of acute GVHD
and longer duration from first-line steroid therapy to second-line
MSC therapy (=14 days vs. <14 days) were associated with a
lower OR rate. Older patient (18 to 49 years and >50 years vs. <18
years), higher grade of GVHD (IIl and IV vs. <II), higher number

AN S
» o
\"9\' \"‘\ \b‘\ o

[ Non-OR (total n = 514; 36.9%)
Il OR (total n = 878; 63.1%)

Year of publication [reference number]

FIGURE 1 | Number of patients with (blue) and without (orange) overall response (OR) in each study of MSC therapy for acute GVHD. Total numbers and
percentages of patients with or without OR as the sum of all reported cases are provided.

of GVHD therapies before MSC therapy (=2 vs. <1), and non-
achievement of OR on day 28 were associated with a higher
NRM. OS was significantly higher in patients with an OR on day
28 than in those without an OR.

IS THE EFFICACY OF REMESTEMCEL-L/
TEMCELL GREATER IN
PEDIATRIC PATIENTS?

A post hoc analysis of a randomized study demonstrated that the
OR rate was significantly higher in the pediatric patients
receiving remestemcel-L than in the pediatric patients
receiving placebo (64% vs. 23%; P = 0.05) (11). However, it
should be noted that only 13 pediatric patients were allocated to
the placebo group, and only three (23%) of them achieved OR, in
sharp contrast to the OR rate of 60% in 68 adult patients
allocated to the placebo group (11). In the retrospective study
of Temcell, there was no significant difference in OR rates among
three age groups (< 18, 18 to 49, and > 50 years) (13). Thus, there
is not enough evidence to prove greater efficacy of remestemcel-
L/Temcell in pediatric patients compared with adult patients.

IS REMESTEMCEL-L/TEMCELL
EFFECTIVE FOR LIVER ACUTE GVHD?

A post hoc analysis of a randomized study demonstrated that the
OR rate in patients with liver acute GVHD was significantly
higher in the remestemcel-L group than in the placebo group
(55% vs. 26%; P = 0.05) (11). OR rates in the remestemcel-L
group were almost equal among the patients with liver, skin,
and gut acute GVHD (55%, 58%, and 57%, respectively) (11).
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On the other hand, 10% of the patients who achieved OR by
day 28 with 8 infusions of Temcell experienced GVHD relapse as
of day 90. Taken together, the administration schedule of
remestemcel-L/Temcell therapy has not been optimized, or it
has to be individually optimized.

WHICH IS MORE EFFECTIVE FOR
ACUTE GVHD, RUXOLITINIB OR
REMESTEMCEL-L/TEMCELL?

It must be stated again that ruxolitinib is the only drug that has
been proven to be significantly more effective than control (nine
therapies) in a randomized, open-label trial (8). Ruxolitinib
inhibits Janus kinase 1/2 signaling, resulting in the blockade of
multiple cytokines, dendritic cell activation, and neutrophil
activation (75). The main results of this study (8) are
summarized in Table 1. The patients assigned to the
ruxolitinib therapy (n = 154) achieved an OR rate of 62% on
day 28, which was significantly higher than that (39%) in 155
patients receiving control therapy (P < 0.001). MSC was one of
nine options for patients assigned to the control therapy; 15
patients received MSCs and 9 (60%) of them achieved OR on day
28 (Table 1). Although this study was not designed to compare
ruxolitinib and each control treatment, OR rates in the patients
receiving ruxolitinib and MSCs were similar (8). This has been
the only prospective comparison of efficacy between ruxolitinib
and MSC therapies for treatment of SR-aGVHD.

Unfortunately, NRM in the patients receiving MSCs as a
control therapy was not analyzed in the randomized trial (8).
Although NRM cannot be directly compared between
prospective and retrospective studies, NRM at 1 year in
patients with ruxolitinib therapy in a prospective study (8) was
much lower than that in patients with Temcell therapy in a
retrospective study (13) (43% vs. 59%). Future comparative
studies between ruxolitinib and MSC therapies, in which the
primary endpoint is defined as NRM or OS, but not the response
rate, are of interest.

The most common adverse events of ruxolitinib therapy have
been reported to be thrombocytopenia, anemia, and
cytomegalovirus infection (8). The incidences of each infection
after Temcell therapy (13) might be lower than those after
ruxolitinib therapy (8) (Table 1). However, due to a difference
in the evaluation period and a lack of detailed information about
clinical course, it is not possible to conclude that Temcell therapy
is less likely to cause infection compared with ruxolitinib therapy.

WHICH IS MORE EFFECTIVE FOR ACUTE
GVHD, ANTITHYMOCYTE GLOBULIN OR
REMESTEMCEL-L/TEMCELL?

Antithymocyte globulin affects not only T cells, but also B cells,
dendritic cells, regulatory T cells, and natural killer T cells,
resulting in its diverse effects on the immune system (76).

The major adverse events of antithymocyte globulin therapy
are infusion reaction and viral and fungal infections (77). There
has been no prospective study comparing antithymocyte globulin
and MSC therapies for acute GVHD treatment. However, the
outcome of 99 patients who received thymoglobulin as a second-
line treatment for SR-aGVHD (69) was comparable to that of
153 patients who received Temcell as a second-line treatment for
SR-aGVHD (13). Both retrospective studies included consecutive
patients during the initial three or four years after their health
insurance approval in Japan.

The main results of the thymoglobulin study are summarized
in Table 1. The OR rate on day 28 in the thymoglobulin study
(60%) was equal to that of Temcell therapy (61%). However,
NRM at 1 year was higher with thymoglobulin therapy than with
Temcell therapy (71% vs. 59%). This difference resulted from
neither patient age nor severity of GVHD, because the median
age was not higher, but rather lower in the thymoglobulin study
than in the Temcell study (39 vs. 49 years, respectively), and the
proportion of grade III to IV acute GVHD was slightly lower in
the thymoglobulin study than in the Temcell study (75% vs. 79%,
respectively). Of note, the incidence of any additional infection
within the first 100 days after the start of thymoglobulin therapy
was 59%, whereas that within 52 weeks after Temcell therapy was
45% (Table 1), suggesting that Temcell therapy may have an
advantage of a lower NRM associated with infectious
complications compared with thymoglobulin therapy. Further
analysis with detailed information, such as severity and
therapeutic response of each infection, is required.

HAS THERE BEEN A STUDY TO
COMPARE MSCs AND OTHER
THERAPIES FOR ACUTE GVHD?

There have been no other prospective or retrospective studies to
compare the efficacy of MSCs and other immunosuppressants in
the treatment of acute GVHD.

CONCLUSION

It is known that the incidence of severe acute GVHD is lower in
Japanese than Caucasian patients (78), but the outcome of SR-
aGVHD seems to be equally poor (4). Thus, effective second-line
treatments for SR-aGVHD are an unmet need. Ruxolitinib is
widely used as an acute GVHD treatment in the United States
and Europe, but the use of MSCs has not been approved as a
health insurance treatment in those countries. In contrast,
Temcell is widely used in Japan, but ruxolitinib remains under
review. Thus, it is currently impossible to compare the efficacy of
remestemcel-L/Temcell and ruxolitinib in a real-world setting.
As described in an earlier section, there has been a randomized,
prospective study of remestemcel-L and placebo (11). The
correct interpretation of the study is that the addition of
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remestemcel-L to another second-line therapy was not superior
to a second-line therapy without remestemcel-L. In other words,
the efficacy of remestemcel-L alone has not been prospectively
compared with other immunosuppressive drugs in the treatment
of acute GVHD.

In conclusion, the appropriate use of remestemcel-L/Temcell
for acute GVHD remains to be determined. Future study is
needed to establish more precisely the position of remestemcel-
L/Temcell in the treatment of acute GVHD.
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Allogeneic stem cell transplantation (alloSCT) is utilised to cure haematological
malignancies through a combination of conditioning regimen intensity and
immunological disease control via the graft versus tumour (GVT) effect. Currently,
conventional myeloablative chemotherapeutic or chemoradiation conditioning regimens
are associated with significant side effects including graft versus host disease (GVHD),
infection, and organ toxicity. Conversely, more tolerable reduced intensity conditioning
(RIC) regimens are associated with unacceptably higher rates of disease relapse, partly
through an excess incidence of mixed chimerism. Improvement in post-alloSCT
outcomes therefore depends on promotion of the GVT effect whilst simultaneously
reducing conditioning-related toxicity. We have previously shown that this could be
achieved through BCL-2 inhibition, and in this study, we explored the modulation of
JAK1/2 as a strategy to lower the barrier to donor engraftment in the setting of RIC. We
investigated the impact of short-term treatment of BCL2 (venetoclax) or JAK1/2
(ruxolitinib) inhibition on recipient natural killer and T cell immunity and the subsequent
effect on donor engraftment. We identified striking differences in mechanism of action of
these two drugs on immune cell subsets in the bone marrow of recipients, and in the
regulation of MHC class-Il and interferon-inducible gene expression, leading to different
rates of GVHD. This study demonstrates that the repurposed use of ruxolitinib or
venetoclax can be utilised as pre-transplant immune-modulators to promote the
efficacy of alloSCT, whilst reducing its toxicity.

Keywords: venetoclax, ruxolitinib, reduced intensity conditioning, graft versus tumour effect, MHC class-Il, graft
versus host disease, allogeneic stem cell transplantation
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INTRODUCTION

Allogeneic stem cell transplantation (alloSCT) is used to cure a
range of haematological malignancies in part through the
induction of the graft versus tumour (GVT) response mediated
by engrafted donor immunity (1). Myeloablative conditioning
(MAC) regimens have been the mainstay of allogeneic
transplantation and produce reliable donor T cell engraftment
but are associated with transplant-related toxicity and graft-
versus host disease (GVHD), which collectively contribute to a
transplant-related mortality of 20% in most series (2). In order to
mitigate these toxicities in older patients or in those with
comorbidities, a range of reduced-intensity conditioning (RIC)
regimens have been employed over the last 20 years of alloSCT
practice and now accounts for nearly two thirds of all transplant
conditioning regimens (3, 4). However, RIC is often associated
with mixed donor cell chimerism and a concurrent reduction
in the GVT effect (5-7). Therefore, novel approaches to
conditioning are required to enhance and maintain donor
engraftment and GVT effect following RIC, whilst avoiding the
toxicity and mortality rates associated with MAC.

We have previously shown that following RIC, residual
recipient immunity acts as a barrier to donor engraftment that
can be overcome by the addition of targeted therapy to RIC
regimens (8, 9). Importantly, the brief pharmacological
inhibition of BCL2 using venetoclax prior to RIC in mice
resulted in depletion of residual recipient immunity and
subsequent rapid donor cell engraftment in most recipients.
Additionally, an absence of inflammatory cytokine production
and avoidance of GVHD onset was observed, whilst the GVT
effect against acute myeloid leukaemia (AML) was maintained
(8). The Janus Kinase (JAK) 1/2 inhibitor ruxolitinib first showed
its ability to profoundly decrease inflammatory cytokines in the
treatment of myelofibrosis (10), and was the first drug to be
approved by the FDA for the treatment of steroid-refractory
GVHD (11, 12) via reduction of inflammatory cytokine
production by T, NK and dendritic cells [reviewed by (13)].
Ruxolitinib has been established as an important and safe
component of salvage therapy for the treatment of steroid-
refractory acute GVHD (14, 15).

Based on our observations that donor engraftment and anti-
tumour efficacy of alloSCT following RIC can be enhanced
through venetoclax-induced depletion of residual recipient
immunity, we hypothesised that suppression of inflammatory
cytokines using ruxolitinib may also lower the engraftment
barrier in RIC and result in similar post-alloSCT outcomes. In
this paper we explored the effects of ruxolitinib in a RIC alloSCT
model and compared the mechanisms to those observed in a
venetoclax-containing RIC regimen.

MATERIALS AND METHODS

Experimental Mice
Experimental mice were specific-pathogen-free (SPF) and all
animal work was conducted with standard operating

procedures approved by institutional animal ethics committees.
The alloSCT experiments were performed either at the Biological
Research Facility of the Victorian Comprehensive Cancer Centre
(VCCC) or the Bioservice Department of the Walter and Eliza
Hall Institute of Medical Research (WEHI). IL-15 KO (16) mice
with C57BL/6 background were bred and used at WEHL All
mice used as recipients for transplantation were 6-14 weeks of
age when the experiments were set up. BALB/c donors were
purchased at 6-8 weeks of age, and sex-matched to the recipients.

The MHC-mismatched allogeneic SCT (alloSCT) model used
mice with C57BL/6 background (H-2Kb) as recipients and
BALB/c (H-2Kd) allogeneic donors. Recipients (n=6/group)
received split-dose total body irradiation (TBI) by a cobalt-60
irradiator, of either myeloablative (MAC) (2 x 550 rad) or
reduced intensity conditioning (RIC) dose (2 x 400 rad)
delivered two hours apart. 7.5 x10° bone marrow (BM) cells
and 1 x10° T cells (splenic CD4+ T cells and CD8+ T cells mixed
in a 2:1 ratio) from BALB/c donors were intravenously injected
into recipients at least two hours after irradiation. AlloSCT
recipients were monitored regularly for body weight and
clinical scores based on posture, activity, and eye appearance
[scores of 3 for each, adapted from (17)], and were humanely
killed once 20% of initial body weight loss or clinical scores of 4
were reached. Donor haematopoietic cell engraftment examined
the donor:recipient (H-2Kd/H-2Kb) ratio within peripheral
blood. Donor cell engraftment and cell profiles within organs
were also analysed at the experimental endpoint.

Chemical Compounds

The BCL2 inhibitor venetoclax and JAK1/2 inhibitor ruxolitinib
(SelleckChem, Houston, TX) were used to treat C57BL/6 WT
mice for two days prior to alloSCT. Venetoclax (100 mg/kg) and
its vehicle (60% phosal R 50 PG (Merck, Germany), 30%
polyethylene glycol (PEG) 400 (Merck, Germany), 10%
ethanol) were administered by oral gavage once daily for two
days, with a cumulative total dose of 4 mg. Ruxolitinib (180 mg/
kg) and its vehicle (2% DMSO, 30% PEG 300 (Merck, Germany),
ddH20) were administered twice a day by oral gavage for two
days, with a cumulative total dose of 14.4 mg.

GVHD Histology

Recipient rectum and colon tissue without stool were preserved
in 10% neutral buffered formalin (Merck, Germany), and
Haemotoxylin and Eosin (H&E) staining and digital images via
a 20x slide scanning were processed by the Histology
Department of WEHI. Histology scores were given to the gut
tissues according to the number of apoptotic cells, mucosal
integrity, and lymphocyte infiltration (each scored out of 3), by
an independent, blinded pathologist.

Graft Versus Tumour Model

Wild type C57BL/6 mice were inoculated with 0.8 x 10° (mixed
lineage leukaemia) GFP+ MLL-AF9 acute myeloid leukaemia
(AML) cells. After 8 days, mice were treated with ruxolitinib (180
mg/kg) by oral gavage twice daily for two days. The following day
mice were irradiated with RIC and injected with 7.5 x10° BM
cells and 1 x10° T cells from BALB/c donors. Mice were
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monitored regularly for body weight, clinical scores, donor cell
engraftment and AML burden in the blood, and were killed after
21 days post alloSCT.

Flow Cytometric Analysis

Peripheral blood samples were collected with or without EDTA
to separate blood cells and plasma/serum, which were stored at
-20°C for cytokine analysis. Single cell suspension of splenocytes,
peripheral blood, BM and liver cells (purified using a 33.75%
Percoll R Density Gradient (GE Healthcare, Sweden), were
resuspended in FACS buffer (PBS + 2% FCS) after red blood
cell lysis. Cells were mixed with FACS buffer containing 1/100
mouse Fc blocking antibody (purified Rat anti-Mouse CD16/
CD32, 2.4G2, BD Biosciences, San Jose, CA) and specific
antibody cocktail on ice for 30 minutes. After unbound
antibodies were washed away, cells were fixed in 2%
paraformaldehyde and analysed on a BD LSRFortessall (BD
Biosciences). The following antibodies were used to identify
donor cells (H-2Kd; e450, SF1-1.1.1), recipient cells (H-2Kb;
PE, AF6-88.5), leukocytes (CD45; BV611, 30-F11), T cells (CD3;
BV785, 17A2), CD4+ T cells (CD4; BUV805/APCe780, GK1.5),
CD8+ T cells (CD8a; PerCP-Cy5.5/PE-Cy7/BUV395, 53-6.7),
memory T cells (CD44 and CD62L; APC-Cy7, IM7; PE-Cy7,
MEL-14), B cells (CD19; BV711, ID3), myeloid cells (CD11b and
Ly6C/G; BUV395, M1/70; APC, RB6-8C5), NK cells (NK1.1,
NKp46 and CD49b; BV650, PK136; PECy7, 29A1.4; BB700,
HMo2), mature NK cells (CD11b and CD27; BV605, M1/70;
APC-e780; LG.7F9), ILC1s (NK1.1, NKp46 and CD49a; BV650,
PK136; PECy7, 29A1.4; BV711, Ha31/8). All mAbs were from
BD Biosciences, except for CD27, H2Kd and NKp46 (Thermo
Fisher, Waltham, MA).

FlowJo (BD Biosciences, San Jose, CA) analysis was used to
identify NK (NK1.1+CD3-), cNK (NKp46+CD49b+), ILCls
(NKp46+CD49a+), CD4 (CD3+CD4+) and CD8 (CD3+CD8+)
T cells, B cells (CD19+), and granulocytes (CD11b+Ly6G+).
Phenotypic subsets were characterised by the expression of the
following cell surface markers: M1 Mature (CD11b+CD27+), M2
mature (CD11b+CD27-) and immature (CD11b-CD27+) NK cells,
naive (N; CD44-CD62L+); central memory (CM; CD44+CD62L+);
effector memory (EM; CD44+CD62L-) CD4 and CD8 T cells; and
virtual memory (VM; CD8+CD44+CD62L+CD49d+) T cells.

Cytometric Bead Array

Plasma/serum samples from specific timepoints post-alloSCT
were tested using the Cytometric Bead Array (CBA) Mouse
Inflammation Kit (BD Biosciences, San Jose, CA) as per
manufacturer’s instructions. The CBA was analysed using
FCAP Array v3.0 Analysis Software (BD Biosciences, San
Jose, CA).

Gene Expression Analysis

Total BM RNA was extracted from cohorts of mice (n=3-4) days
1, 3 and 7 post-drug treatment or from untreated controls using
the Qiagen RNeasy Kit (Qiagen, Venlo, The Netherlands). Gene
expression was determined using the NanoString Mouse
PanCancer Immune Profiling Panel (NanoString Technologies,

Seattle, WA) as per manufacturer’s instructions. All raw data was
reviewed, and all samples in downstream analysis had no quality
control flags and detection of at least 20% of probes. All
experiments were normalised and analysed using nCounter
Advanced Analysis (version 2.0.115; NanoString Technologies).

Statistical Analysis

Statistical analysis was conducted using, unpaired T test, Mann-
Whitney unpaired T test, Ordinary One-Way Anova Holm-
Sidak’s multiple comparisons test, and Pearson’s Correlation
coefficient as indicated, using GraphPad Prism V9.2.0 (San
Diego, CA). Significance is indicated as follows: p<0.05(*),
P<0.01(**), p<0.001(**), p<0.0001(****).

RESULTS

Recipient NK and CD8+ T Cells Regulate
Donor Cell Engraftment and Onset of
Acute GVHD

NK cells present an engraftment barrier in RIC treated mice (9),
and NK cell survival is dependent on IL-15 signalling (18, 19). To
explore the outcome of alloSCT in recipients in which the
engraftment barrier was absent, we compared C57BL/6 WT
mice transplanted using MAC compared with IL-15 KO mice
transplanted using RIC. IL-15 KO mice lack mature NK cells and
also have 10-fold fewer immature NK cells compared to WT
mice (Supplementary Figures 1A, B). Within 3 days post
alloSCT, IL-15 KO recipients developed rapid weight loss
(Figure 1A) and high clinical GVHD scores (Figure 1B), and
had to be killed by day 6 due to hyperacute GVHD. Donor cell
engraftment was greater than 80% by day 6 post-transplant, and
was accompanied by elevated IFNY and IL-6 levels, and high
GVHD histology scores in the gut (Figures 1C-E). Therefore,
while IL-15 KO successfully removed the recipient-derived
engraftment barrier, it was at the cost of unmitigated donor T
cell expansion, cytokine production and onset of severe,
fatal GVHD.

Ruxolitinib Treatment Combined With

RIC Reduces T and NK Cells and Allows
Full Engraftment

To compare the levels of immune depletion during conditioning,
we first investigated NK and T cell depletion post conditioning in
WT and IL-15 KO mice. Mice were left untreated or given a
MAC or RIC irradiation dose, and killed 4 days later to examine
the absolute NK or CD8+ T cell numbers remaining in the BM.
WT mice irradiated with RIC or MAC had a significant decrease
in NK cells compared to untreated mice, but were still 10-fold
higher than in untreated IL-15 KO mice (Figure 2A). In contrast,
RIC or MAC treated WT mice had CD8+ T cell numbers similar
to IL-15 KO untreated mice, and RIC treatment of IL-15 KO
mice almost ablated both NK and CD8+ T cells in the BM
(Figure 2B). In order to pharmacologically replicate the IL-15
KO phenotype, WT mice were treated with the JAK1/2 inhibitor
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FIGURE 1 | IL-15 KO + RIC alloSCT recipients develop hyperacute GVHD. C57BL/6 WT mice were irradiated with MAC, and IL-15 KO mice were irradiated with
RIC, followed by alloSCT. Mice were monitored daily for (A) body weight and (B) clinical scores, and (C) donor cell engraftment and (D) plasma cytokine
concentrations of IL-6 and IFNy on days 3 and 6. (E) Mice were killed on day 6 post-alloSCT, and GVHD histology was conducted on gut tissue. Statistical analysis

ruxolitinib and RIC, resulting in a reduction of NK and CD8+ T
cell numbers comparable to those in untreated IL-15 KO mice.

Next, we determined if transient inhibition of JAK1/2 was
able to replicate the lowered engraftment barrier seen in the IL-
15 KO mice, while maintaining the GVHD control of the WT
mice. Depletion of recipient immunity using combination
ruxolitinib and RIC was well tolerated, with minimal weight
loss and low clinical scores recovering within 2 weeks post-
alloSCT (Figures 2C, D). Mice treated with ruxolitinib and RIC
engrafted by 7 days post-alloSCT, unlike vehicle and RIC treated
mice which rejected the graft (Figure 2E). After 14 days post-
alloSCT, over 80% of ruxolitinib treated mice had engrafted with
donor cells, which was comparable to the MAC treated cohort,
and was maintained at 70 days (Figures 2E, F). In comparison,
the mice treated with vehicle and RIC uniformly rejected the
graft and were killed on day 14 upon developing increasing
clinical scores due to anaemia (Figures 2D, E). Donor cell
engraftment in ruxolitinib treated mice was associated with
moderate IFNy and low IL-6 levels in the plasma at day 7
post-alloSCT, which abated by day 14 (Figure 2G). Mice killed
at 70 days post-alloSCT did not develop the early gut GVHD
(Figure 2H) that was seen in the IL-15 KO mice, however
between day 30-50 post-alloSCT skin GVHD developed in
approximately 25% of mice treated with ruxolitinib and RIC,
which was not observed in WT mice treated with MAC
(Figure 2I). Mice with skin GVHD had to be killed due to
ulceration of the skin which developed after localised fur loss on
the hind flanks.

We previously established a pre-clinical model in C57BL/6
WT mice of AML (MLL-AF9) matched to the BALB/c allogeneic
donor haplotype (H2kd+), to examine the effect of venetoclax
treatment with RIC on donor cell engraftment and subsequent
GVT eftect (8). In this study, ruxolitinib treatment improved
GVT responses compared to vehicle treated controls, with some
mice showing tumour control comparable to MAC treated mice
(Figure 2J). The level of tumour response strongly correlated
with the level of donor cell engraftment, with mice that had full
engraftment showing complete tumour control, whereas mice
that rejected the graft or had mixed chimerism (5-90% donor
cells) had impaired GVT responses (Figures 2], K). Overall, this
suggests that transient inhibition of JAK1/2 signalling reduces
the engraftment barrier presented by residual recipient NK and T
cells, allowing full donor engraftment, whilst improving GVT
and decreasing priming of acute GVHD onset.

Donor Cell Engraftment Is Dependent on
Recipient Pre-SCT Conditioning

Our previous work has shown that pre-treatment of alloSCT
recipients with short-term pharmacological inhibition of BCL2
(venetoclax) in combination with RIC permits rapid donor
cell engraftment in a high percentage of mice, without graft
rejection or GVHD (8). Approximately 80% of WT mice
administered venetoclax for two days immediately prior to RIC
and alloSCT obtained donor cell engraftment within 14 days,
however approximately 40% of venetoclax-treated mice
developed graft rejection after an initial period of donor
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killed four days after receiving irradiation, and the absolute number of (A) NK cells (NKp46+CD49b+) and (B) CD8 (CD3+CD8+) T cells in BM were compared
between different cohorts of mice (n=3-9/group). C57BL/6 WT mice were treated with ruxolitinib or vehicle for two days, and the following day treated with RIC and
alloSCT. Another cohort of untreated WT mice was treated with MAC and alloSCT. Mice were monitored for (C) body weight and (D) clinical scores up to 70 days
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were killed 70 days post-alloSCT, and GVHD histology was conducted on gut tissue. (l) Incidence of development of skin GVHD in ruxolitinib+RIC mice compared to
untreated+MAC alloSCT recipients (n=15). Mice were injected i.v. with MLL-AF9 tumour cells, and 8 days later were treated with ruxolitinib or vehicle for two days,
and the following day treated with RIC and alloSCT. Another cohort of untreated WT mice was treated with MAC and alloSCT (n=12/treatment group, data combined
from 2 independent experiments). (J) Mice were killed 21 days after alloSCT, and tumour burden was measured as a percentage of MLL-AF9+ cells in the BM.

(K) Tumour burden was compared to donor cell engraftment between the untreated+MAC, vehicle+RIC and ruxolitinio+RIC cohorts 21 days after alloSCT. R? value
indicates the correlation between tumour burden and donor cell engraftment in ruxolitinib+RIC alloSCT recipients. Statistical analysis was performed using Ordinary
One-way Anova Holm-Sidak’s multiple comparisons test (A, B), Mann-Whitney unpaired T test (E-J), and Pearson’s Correlation coefficient (K). “p < 0.05, *p < 0.01,
***p < 0.001, *** p < 0.0001.
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engraftment (Figure 3A (8). In contrast, over 80% of ruxolitinib-
treated alloSCT recipients retained long-term donor engraftment
(Figures 2F and 3A).

To understand the mechanism of recipient immune cell
inhibition with venetoclax and ruxolitinib, WT mice were
treated for two days with either venetoclax, ruxolitinib, or their
respective vehicles, and then killed on day 1, 2, 3, and 7 to profile
immune cell subsets in BM, spleen and liver. In contrast to
ruxolitinib, venetoclax treatment rapidly depleted NK cells,
including conventional (NKp46+CD49b+), immature (CD11b-
CD27+), and M1 (CD11b+CD27+) and M2 (CD11b+CD27-)
mature NK cells from the spleen and liver, and most strikingly
from the BM (Figures 3B-F, Supplementary Figure 2A).
Furthermore, venetoclax rapidly depleted CD8+ and CD4+
naive (CD62L+CD44-) and CD8+ central memory (CD62L+
CD44+) T cells in the BM, spleen and liver (Figures 3G-L,
Supplementary Figure 2B). Therefore, BCL2 inhibition affected
recipient immune cell function by rapidly depleting, most

notably in the BM, CD8+ naive and central memory T cells,
CD4+ naive T cells and NK cells, whereas JAK1/2 inhibition had
no significant impact on immune cell subsets.

Venetoclax and Ruxolitinib Differentially

Affect MHC-II and IFN Gene Expression

The absence of change in cell subsets in ruxolitinib treated mice,
despite the improved engraftment seen when these mice are used
as alloSCT recipients, suggested that ruxolitinib may supress
immune cell function rather than directly deplete immune cells
as seen with venetoclax. Therefore, gene expression analysis was
performed on BM samples from venetoclax, ruxolitinib, vehicle
treated, and untreated C57BL/6 W'T mice collected at days 1, 3
and 7 post-treatments, to examine which immune pathways were
impacted by drug treatment. Several MHC-II genes were
differentially affected by venetoclax or ruxolitinib treatment,
including H2-DMb2, H2-Abl, H2-Ebl, H2-Aa, H2-Ob and
CD74 (Figure 4A). Venetoclax downregulated relative gene
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FIGURE 3 | Donor cell engraftment is dependent on recipient pre-alloSCT irradiation dose and treatment with BCL2 or JAK1/2 inhibitors. WT mice were treated
with venetoclax or ruxolitinib, or their respective vehicle for two days. The following day mice were treated with RIC and alloSCT. (A) Donor cell engraftment (H2kd+
cells) was measured in the blood at day 21 post-alloSCT. WT mice were treated with venetoclax or ruxolitinib, or their respective vehicle for two days. Mice (n=3-4/
group) were killed on days 1, 2, 3, and 7, and BM was harvested and analysed by flow cytometry for the absolute number of (B-F) NK cells (NK1.1+CD3-), cNK
(NKp46+CD49b+), M1 mature (CD11b+CD27+), M2 mature (CD11b+CD27-) and immature (CD11b-CD27+) NK cells; (G-L) naive (N; CD44-CD62L+); central
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Isg15 from venetoclax and ruxolitinib-treated mice. Relative expression of Rsad2, Kirb1, H2-DMB2 and CD74 (B-E) was compared between venetoclax or
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expression of MHC-II genes, in contrast to ruxolitinib treatment
which resulted in MCH-II upregulation. The expression of the
interferon (IFN) genes Rsad2, Ifit3, Ifnbl, Ifnal, Oas2, Isgl5,
Kirbl and Ifng were also altered after drug treatment
(Figure 4A). Both venetoclax and ruxolitinib treatment
downregulated Rsad2 expression which encodes Radical S-
adenosyl methionine domain containing 2 (Rsad2) protein, an
IFN-inducible virus inhibitory protein involved in CD4+ T cell
activation (20) (Figure 4B). KirbI encoding killer cell lectin-like
receptor subfamily B member 1 (KLRB1), which inhibits IFNg
production by NK cells (21), was upregulated by both venetoclax
and ruxolitinib treatment (Figure 4C). As described above, H2-
DMB?2 and CD74 expression were downregulated by venetoclax,
and upregulated by ruxolitinib (Figures 4D, E). The MHC-II-
associated genes regulate antigen expression, and therefore likely
alter alloantigen presentation in the intestinal epithelium after
alloSCT (22). Subsequent flow cytometry analysis confirmed that
cell surface MHC-II expression on BM CD19+ B cells, and the
percentage of B cells expressing MHC-II was decreased for
several days in venetoclax-treated mice, compared to untreated
or vehicle treated mice, whereas expression of MHC-II increased
in ruxolitinib-treated mice (Figures 4F, G). Furthermore, the
changes to MHC-II expression were replicated in total BM
CD45+ cells, as compared to each vehicle control (Figure 4H).
Collectively, the differential effects of venetoclax and ruxolitinib
on both cell type and gene expression demonstrate that these
drugs work via different mechanisms and therefore lead to
different impacts on transplant outcome when combined
with RIC.

DISCUSSION

Successful donor engraftment in an alloSCT recipient requires
that the conditioning regimen adequately suppresses recipient
immunity to prevent donor cell rejection. This is reliably
achieved in most recipients with intensive MAC regimens but
at the cost of mortality and morbidity (2). Conversely, RIC
regimens are safer, but associated with a higher incidence of
mixed chimerism, increased rates of graft loss and poorer
induction of the GVT effect with a resultant excess of relapse
and poorer overall survival (5-7). Augmentation of existing RIC
regimens has not been associated with improved outcomes, and
strategies directed at improved donor T cell engraftment and
promotion the GVT effect have been advocated (23).

We hypothesised that donor engraftment and subsequent
GVT rates achieved by RIC could be improved by additional
suppression of recipient immunity through either lymphocyte
depletion or cytokine inhibition with either BCL2 or JAK
inhibition. Similarly, we reasoned that by avoiding the tissue
damage and inflammatory cytokine production associated with
MAC and further suppressing JAK/STAT dependant cytokine
production, in particular IL6, the rates of GVHD onset may be
reduced in alloSCT recipients (24, 25).

In this study we first examined how the absence of recipient T
and NK cells due to IL-15 deficiency would impact on donor cell
engraftment following RIC. The resulting hyperacute, lethal gut
GVHD observed in IL-15 KO recipients indicated that residual
recipient immunity is necessary to prevent uncontrolled donor
homeostatic T cell proliferation, activation and inflammatory
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cytokine production. Given the role for residual post-
conditioning recipient immunity in controlling donor
engraftment, we hypothesised that a brief period of venetoclax
or ruxolitinib treatment added to RIC would provide a sufficient
period of immunosuppression to promote donor engraftment,
whilst not full removing the regulator function of residual
recipient immunity. We identified that venetoclax rapidly
depleted naive and central memory CD4+ and CD8+ T cells,
NK cells, and VM T cells in the BM, spleen and liver, and we
have previously demonstrated that the combination of
venetoclax and RIC results in donor engraftment and GVT
without the onset of GVHD (8). The incorporation of
ruxolitinib into RIC of WT alloSCT recipients also resulted in
NK and CD8+ T cell depletion in BM similar to that induced by
MAC, and resulted in similar donor engraftment rates and
associated GVT responses as seem with the MAC and
ventoclax + RIC combination. However, unlike venetoclax +
RIC, the ruxolitinib-containing RIC regimen did not fully avoid
the onset of chronic GVHD as skin chronic GVHD was observed
1-2 months after alloSCT.

Further exploration of the venetoclax or ruxolitinib treatment
of alloSCT recipients identified significant differences in gene
expression within the BM of recipient mice. Reduced MHC-II
expression was observed in the BM following venetoclax
treatment prior to alloSCT. In contrast, MHC-II expression
increased in the BM of ruxolitinib treated mice, whilst IFN
gene expression decreased transiently. Ruxolitinib therapy for
two days prior to transplant was insufficient to suppress IFNy
expression in the first 7 days post alloSCT (Figure 2G). The
variation between the gene expression changes seen between
venetoclax and ruxolitinib therapy is important as IFNYy-
dependent MHC-II expression in recipient tissues and
subsequent activation of donor CD4+ T cells is now recognised
as a key priming event in the onset of GVHD (22) and may
explain, in part, why ruxolitinib + RIC treated recipients
developed late skin GVHD.

In our model, despite the early IFNYy cytokine rebound
observed after ruxolitinib-containing RIC and the high levels
of donor cell engraftment achieved by this regimen, acute GVHD
was not observed. This likely reflects the absence of GVHD-
promoting gut inflammation that is associated with MAC. These
observations suggest that by avoiding gut toxicity through the
use of ruxolitinib + RIC, acute GVHD will not be primed even
following high levels of donor T cell engraftment. Although other
contributors to the prevention of GVHD onset including
ruxolitinib-induced decrease in dendritic cell activation (26)
cannot be excluded. The potential for ruxolitinib therapy to
reduce inflammatory cytokine production has resulted in pilot
studies exploring its ability to improve engraftment, avoid
GVHD, and replace conventional GVHD prophylaxis (27). To
date, studies of this approach have been small and although
associated with likely lower rates of GVHD, ongoing ruxolitinib
therapy may be limited by viral activation and post-transplant
cytopenias (28, 29). In contrast, our approach of transiently
lowering the engraftment barrier by a short exposure of
ruxolitinib prior to donor cell infusion may provide an

opportunity to optimise donor engraftment, maintain GVL
and avoid GVHD onset, whilst avoiding the toxicity of
continuous ruxolitinib exposure.

Overall, whilst either of the targeted therapies venetoclax or
ruxolitinib are able to promote increased donor engraftment in
the setting of RIC and thereby avoid the toxicity and GVHD-
priming effects of MAC, the mechanism of action of venetoclax
including its ability to reduce MHC-II expression, added to RIC
seems best placed as the combination to take forward for clinical
application in order to realise the GV'T benefits of alloSCT, whilst
avoiding GVHD.
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Supplementary Figure 1 | IL-15 knockout mice have reduced NK and CD8+ T
cells in the bone marrow. Untreated IL-15KO mice and WT C57BL/6 mice aged 8-
12 weeks (n=6) were killed and cell profiles of BM were tested by flow cytometry. (A)
The absolute number of NK cells (NKp46+CD49b+), ILC1s (NKp46+CD49a+), CD4
(CD3+CD4+) and CD8 (CD3+CD8+) T cells, B cells (CD19+), and granulocytes

(CD11b+Ly6G+) were compared between WT and IL-15 KO mice. (B) The absolute
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Department of Microbiology and Immunology and Pediatrics, Medical University of South Carolina, Charleston,
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Allogeneic hematopoietic cell transplantation (allo-HCT) is an essential therapeutic
modality for patients with hematological malignancies and other blood disorders.
Unfortunately, acute graft-versus-host disease (@GVHD) remains a major source of
morbidity and mortality following allo-HCT, which limits its use in a broader spectrum of
patients. Chronic graft-versus-host disease (cGVHD) also remains the most common
long-term complication of allo-HCT, occurring in reportedly 30-70% of patients surviving
more than 100 days. Chronic GVHD is also the leading cause of non-relapse mortality
(NRM) occurring more than 2 years after HCT for malignant disease. Graft versus tumor
(GVT) is a major component of the overall beneficial effects of allogeneic HCT in the
treatment of hematological malignancies. Better understanding of GVHD pathogenesis is
important to identify new therapeutic targets for GVHD prevention and therapy. Emerging
data suggest opposing roles for different T cell subsets, e.g., IFN-y producing CD4+ and
CD8+ T cells (Th1 and Tc1), IL-4 producing T cells (Th2 and Tc2), IL-17 producing T cells
(Th17 and Tc17), IL-9 producing T cells (Th9 and Tc9), IL-22 producing T cells (Th22), T
follicular helper cells (Tth), regulatory T-cells (Treg) and tissue resident memory T cells
(Trm) in GVHD and GVT etiology. In this review, we first summarize the general description
of the cytokine signals that promote the differentiation of T cell subsets and the roles of
these T cell subsets in the pathogenesis of GVHD. Next, we extensively explore preclinical
findings of T cell subsets in both GVHD/GVT animal models and humans. Finally, we
address recent findings about the roles of T-cell subsets in clinical GVHD and current
strategies to modulate T-cell differentiation for treating and preventing GVHD in patients.
Further exploring and outlining the immune biology of T-cell differentiation in GVHD that will
provide more therapeutic options for maintaining success of allo-HCT.

Keywords: graft versus host disease, graft versus tumor, tissue resident memory t cell, cell therapy, t cells subsets

INTRODUCTION

Allogeneic hematopoietic cell transplant (allo-HCT) is a remarkably successful immunotherapy in
large part due to the graft-versus-tumor (GVT) effect. Unfortunately, GVT is tethered to the
pathogenesis of acute graft versus host disease (aGVHD). The detailed pathogenesis of acute GVHD
(aGVHD) has recently been reviewed in depth (1, 2). Overall, T cells are indispensable mediators of
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aGVHD pathogenesis since GVHD rarely develops after
syngeneic or T cell-depleted transplants (3-7). Both aGVHD
and GVT have been found to be initiated by antigen presenting
cells (APCs) derived from the donor and from host activating
donor T cells (8, 9). Such activation leads to the release of
inflammatory cytokines, with subsequent proliferation of
alloreactive T cells, resulting in host damage and further
inflammation. Around 15-20% of hematopoietic cell transplant
patients develop severe refractory GVHD leading to mortality
(10, 11). Chronic GVHD (cGVHD) pathogenesis is a complex
process involving both B and T cells (12). The process was
reviewed recently in detail (1). Essentially, crosstalk between B
and T cells leading to the proliferation of germinal centers
allowing the production of allo-reactive antibodies appears to
be the overlying process of the disease. The mainstays of GVHD
prevention include anti-thymocyte globulin, calcineurin
inhibitors and post-transplant cyclophosphamide, and first line
therapies include corticosteroids in addition to calcineurin
inhibitors. However, treatment with these drugs negatively
affect desirable GVT (13). In addition, steroid-refractory
GVHD (SR-aGVHD) patients have dismal outcomes, thus
representing an urgent need for developing new treatment
strategies in the field of transplant medicine (14). That said,
recent breakthroughs have been made including the positive
result of the randomized phase III clinical trial evaluating
ruxolitinib versus best available treatment (BAT) in SR-
aGVHD (15). Similarly, positive results were seen in SR-
c¢GVHD comparing ruxolitinib versus BAT (16). The central
role of T cells in the pathogenesis of GVHD has also led to
extensive studies in manipulating T cell populations to reduce
GVHD severity. Specific T cell subsets have been found to either
exacerbate or alleviate GVHD/GVT, a finding that is currently
being exploited in novel treatment options in preclinical and/or
clinical studies.

T CELLS INDUCERS OF GVHD

T cells differentiation is initiated when naive T cells are
stimulated by antigens in the presence of MHC molecules
under a particular milieu of cytokines their corresponding
signaling pathways to develop into different T cell subsets that
acquire specialized effector cell phenotypes (17). As shown in
Figure 1, these T cell subsets are characterized by the production
of signature cytokines and expression of specific transcription
factors (TFs). The specific cytokines and TFs are activated by
signal transducer and activator of transcription (STAT) family
members to confer specialized functions to the T cell subsets.
These cytokines and TFs that regulate T cells differentiation may
have effects on the development of multiple T cell subsets. For
example, interleukin 6 (IL-6) is essential for T follicular helper
(Tth) and T helper type 17 (Th17) differentiation through the
STATS5 signaling pathway (18). Different T cell subsets have been
involved in several inflammatory diseases (19, 20), and may
allow the development of novel treatment strategies (21).

Figure 2 summarizes T cells subsets demonstrated or putative
roles in GVHD/GVT. The gut and other tissues are damaged
during irradiation and/or chemotherapy, leading to the release of
various DAMPs/PAMPs, and inflammatory cytokines (22).
These DAMPs, PAMPs, and cytokines activate both host and
donor antigen-presenting cells (APCs), which then activate the
donor T cells. The APCs are also secreting various cytokines that
promotes T cell differentiation toward different T cell subsets
including T helper type 1 (Th1), T helper type 2 (Th2), T helper
type 17 (Th17), T helper type 9 (Th9), and regulatory T cells
(Tregs). Activated T cells are able to secrete various pro-
inflammatory cytokines including IFNY, IL-17, IL-22 leading to
cytolysis of cells in target tissues, mainly in the gut, liver, and
skin, which can be alleviated by anti-inflammatory cytokine
produced by Th2, Th9 and Treg cells, such as IL-33-producing
Th9 (23).

Naive T Cells

T cell depletion previous to HCT and the use of T cell-depleting
antibodies have been used resulting in a significant reduction in
GVHD (24). Anti-T-lymphocyte Globulin (ATG) has been used
to prevent GVHD in the conditioning regimen but also as
treatment while the patient’s response is still unsatisfactory. In
the steroid-refractory GVHD therapeutic setting, the response rate
is reported to be 24%-41% using ATG and overall survival is poor
(25). A recent phase 3 clinical trial aimed to take advantage of the
benefits of T-cell depletion with respect to GVHD by using an
anti-CD25 antibody (inolimomab) versus ATG, which found no
difference in overall survival (26). Unfortunately, the experimental
group suffered from issues with infection and relapse, common to
T cell-depletion strategies leading to mortality in both arms of the
study. The differences between naive T cells and memory T cells
have being investigated to determine which specific subsets of T
cells were particularly inductive of pathological immune
responses. Naive T cells (Ty) are CD45RA"CD62L" antigen
inexperienced cells with a diverse TCR repertoire (27, 28).
Preclinical studies have supported the role of naive T cells (Ty)
in inducing GVHD as opposed to central memory T cells (Tcp)
(29, 30). In allogeneic mouse models of HCT, it was determined
that Ty caused more severe GVHD compared to that of Ty and
effector memory T cells (Tgy,) cells in isolation (29-35). It was also
found in in vitro studies that CD8" Ty were 5-20 times more likely
to be specific for a minor histocompatibility antigen than Ty, (36),
supporting the role of this subset in the pathogenesis of GVHD
disease. Concurrently, grafts in mice performed with memory cells
retained GVT activity when challenged with malignancy (29, 34,
37). A recent phase II clinical trial applied these findings to
humans. Naive T cell depletion was used to reduce GVHD in
acute leukemia patients (38). Naive T cells were depleted from
peripheral blood stem cells (PBSCs) using an iron-dextran bead
conjugated to a monoclonal anti-CD45RA antibody. Thirty-five
patients with acute leukemia or advanced myelodysplastic
syndrome received Ty-depleted HCT after myeloablative
conditioning with 50 days of tacrolimus as immunosuppression.
Durable engraftment was achieved in 34 out of 35 patients. Acute
GVHD was not reduced in this trial. However, chronic GVHD,
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a secondary endpoint, was very low (9%) over the 2.5-year median
follow up time. This method had other advantages when
compared to historical controls, such as faster immune
reconstitution compared to T-Cell Depleted (TCD) HCT, a 2-
year disease free survival of 70% compared to 50% in TCD and
65% in T-cell-replete grafts, and a 28% relapse rate compared with
60% in TCD and 37% in T-cell replete grafts. These findings
require confirmation in future randomized clinical trials.

Th1 and Tc1

The early phase of aGVHD pathogenesis is predominantly
mediated by Th1/Tcl cells, with hyperproliferation and high
cytotoxicity driving disease. These cells arise in response to the
transplant-conditioning-induced cytokine storm and resultant

>

FIGURE 1 | Overview of T Cells Differentiation Pathways. The cytokine and transcription factors (TFs) niche dictates T cell differentiation in spite of the stimulation of
T cell receptor signaling pathways. The prototypical cytokines and TFs that regulate each T cell subset differentiation fate are depicted. These cytokines and TFs that
influence T cell differentiation have effects on the development of multiple T cell subsets, such as interleukin-6 (IL-6) is essential for T helper type 22 (Th22), T follicular

release of DAMPs and PAMPs, and they can often be targeted by
standard immunosuppression regimens, which focus on the
inhibition of proliferation and NFAT-driven T cell signaling
(39). CD4" (Th) and CD8" (Tc) T cells are stimulated to
differentiate into the Th1/Tcl together type 1 subtype when
they receive T Cell Receptor (TCR) stimulation from their
specific antigen, here allo-antigen, as well as co-stimulation
from a variety of different pathways. IL-12, in its activation of
STAT4 has been found to be a critical component of the Thl
pathway (40, 41). In the same way, CD8" T cells are encouraged
to differentiate into Tc1 cells by TCR activation, co-stimulation,
and the cytokines IL-2 and IL-12 (42-44). Interferon gamma
(IENY), a primary mediator of inflammation and tissue damage,
is a primary product of activated Th1 cells (45). The defining Th1
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FIGURE 2 | Overview of GVHD Pathogenesis. The gut and other issues are damaged during irradiation or chemotherapy, leading to the release of various DAMPs,
PAMPs, and inflammatory cytokines. These DAMPs, PAMPs, and cytokines activate both host and donor antigen-presenting cells (APCs), which then activate the
donor T cells. The APCs are also secreting various cytokines that promotes T cell differentiation toward different T cell subsets including T helper type 1 (Th1), T
helper type 2 (Th2), T helper type 17 (Th17), T helper type 9 (Th9), and regulatory T cells (Tregs). Activated Th1 and Th17 T cells are able to secrete various pro-
inflammatory cytokines including IFNy, IL-17, IL-22 leading to apoptosis of cells in target tissues, mainly in the gut, liver, and skin, which can be alleviated by anti-
inflammatory cytokine producing Th2, Th9 and Treg cells, such as IL-33-producing Th9.

transcription factor is T-box expressed in T cells (T-bet or
Tbx21) (46). Similar to Thl’s, Tcl cells also depend on T-bet
as a transcription factor and are also induced by concurrent
expression of eomesodermin (Eomes) (47).

Allogeneic donor Thl and Tcl cells have been shown in
multiple experiments to induce both GVT and GVHD in mouse
models and is classically thought to be the main propagator of
GVHD. The IFNY secreted by donor Th1 cells have been found
to both encourage further Thl cell differentiation and direct
damage to the gut mucosa (48). Preclinical models have shown
elevation of Thl-derived cytokines including tumor necrosis
factor (TNF) and IFNYy in association with GVHD. The
cytokines have also been implicated directly in target organ
damage (48-51). T-bet is a crucial regulator of Thl
differentiation and IFNYy production, and T-bet”” T cells
alleviate GVHD after adoptive transfer in both major and
minor MHC mismatched mouse model (52). Blockade of Thl
and Th17 differentiation by targeting T-bet and RORgammat in
mice ameliorates GVHD while surprisingly not decreasing GVT
activity (53). As a transcription factor, a promising strategy is to
target its downstream effectors for preventing GVHD instead of
directly inhibiting T-bet. In human patients suffering from acute
GVHD, Thl cytokines are found in pathologic lesions,

supporting the clinical relevance of this subset in the
pathogenesis of GVHD (54, 55).

The Janus Kinases (JAKs) family members (JAK-1, -2, -3,
Tyrosine kinase 2) and its downstream regulators signal
transducers and activators of transcription (STAT) are crucial
in the pathogenesis of GVHD (56). Different JAK inhibitors,
such as JAK1/2-inhibitor ruxolitinib and JAKI-inhibitor
itacitinib, have been developed and applied to prevent or treat
aGVHD and cGVHD with different clinical indications. JAK1/2
antagonists can suppress Th1 and Th17 cell function, activation
of antigen presenting cells (APCs), MHC expression and co-
stimulatory signals through inhibition of STAT1 and STAT3
signaling pathways (57). The regulatory T cell function is
retained by reserving IL-2-JAK3-STATS5 signaling pathway
followed JAK1/2 inhibition. In 2019, ruxolitinib (Jakafi), a
JAK1/2 inhibitor, was approved by the U.S. Food and Drug
Administration to treat steroid-refractory aGVHD in adults and
children age 12 years and older based on the randomized phase
III trial (15). It was also recently approved for steroid-refractory
c¢GVHD in the same population based on the randomized phase
III trial (16). In recently published preclinical work, the JAK1/2-
inhibitor baricitinib has shown to prevent GVHD by increasing
Tregs via the JAK3 pathway (58).
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Th17 and Tc17
Th17 cells are the other major subtype of inflammatory T cell
implicated in the pathogenesis of GVHD. Cytokines TFG-B1 and
IL-6 + IL-23 direct the differentiation of Th17 cells (59-63). The
cells are defined by their expression of IL-17 and lack of
expression of IL-4 and IFNYy (64, 65). Retinoic acid receptor-
related orphan receptor gamma (RORYt) is the main transcription
factor of the Th17 lineage (66). The role Th17 in the pathogenesis
of aGVHD is complicated, but overall aGVHD appears to be
primarily a Th1 but not Th17 process (67) while cGVHD is both a
Th1 and Th17 process (68). Another Th17-like cytokine, IL-21
has also been shown in many preclinical models to induce
aGVHD, either via knockout of IL-21 or inhibition of the IL-21
receptor (68-72). The role of Thl7 cells have also been
investigated in mouse models by way of their transcription
factors. Multiple studies have found that the absence of both
RORyt and Tbet greatly diminished the severity of aGVHD. In
addition, absence of critical Th17 transcription factors led to a
significant decrease in the frequency of IL-17A and TNF in
subjects’ serum and pathogenic lesions (73). A third method to
investigate the role of the Th17 subset in the pathogenesis of
GVHD has been to target the cytokines that produced Th17.
While likely not specific to Th17, IL-6 inhibition in mouse models
was shown to significantly decrease aGVHD severity (74, 75). In
addition, blockade of IL-23 was found to diminish aGVHD
severity (76-78). Finally, allogeneic donor Th17 cells have been
shown to be capable of inducing lethal GVHD in isolation, but
they have also been shown to be unnecessary in doing so, as the
Th1/Tcl subset is also sufficient to do so in isolation (79, 80).
In patients suffering from aGVHD, the frequency of Th17
cells in peripheral blood was increased along with the frequency
of IL-17 (81). As time progresses after transplantation, Th17/
Tc17 cells may become a major driving force of GVHD, secreting
proinflammatory cytokines, providing a cellular reservoir for
effector alloimmune cells, and supporting the Tfh-driven
immune response that characterizes cGVHD (39). Indeed,
Th17 cells have been even more heavily implicated in cGVHD
in humans. They have been found to be present in increased
frequency in the blood of cGVHD patients (81) and mixed Th1/
Th17 cells were found in histological examination of cGVHD
skin lesions (82). In addition, CD146 and CCR5'CD146" CD4 T
cells are present in increased frequencies in humans suffering
from aGVHD and cGVHD, and these cells have been shown to
be skewed toward a mixed Th1/Th17 phenotype (83, 84). In a
murine model experiment, the potential application of RORYt
inhibition has been studied with TMP778. Treatment resulted in
a significant decrease in the observed pathology, like a group
treated with an anti-IL-17 antibody (84). Furthermore, KD025,
was explored in a murine model of cGVHD, which demonstrated
a significant reduction in the symptoms of disease. The same
study also demonstrated that KD025 inhibition decreased the
production of IL-21, IL-17, and IFNY in the PBMCs of patients
suffering from GVHD (85). To follow up on these findings, a
phase II clinical trial investigating ROCK2 inhibition with
belumosudil (KD025) in the treatment of SR-cGVHD
(NCT02841995) showed overall response rates (ORR) (95%

CI) with belumosudil 200 mg once daily, 200 mg twice daily,
and 400 mg once daily of 65% (38% to 86%), 69% (41% to 89%),
and 62% (38% to 82%), respectively. Responses were clinically
meaningful, with a median duration of response of 35 weeks, and
were associated with quality-of-life improvements and
corticosteroid (CS) dose reductions (86). Furthermore, the
ROCKstar study showed that belumosudil showed responses
for cGVHD after 2 or more prior lines of therapy (87). Based on
these findings, belumosudil was recently FDA approved for
patients 12 years and older who have received 2 or more prior
lines of therapy (88).

Th22

Recently defined as a separate lineage from Th17 cells, Th22 cells
were first described in the context of epidermis-infiltrating cells
in individuals with inflammatory skin conditions that produced
IL-22 and TNFa without producing IFNYy, IL-4, or IL-17 (89).
Th22 cells have been shown to develop under the influence of IL-6,
IL-23, IL-1PB, and 6-formylindolo[3,2-B] carbazole (FICZ) in vitro,
along with the tyrosine kinase inhibitor galunsertib. However,
ideal conditions for differentiation of Th22 in vitro and in vivo
have yet to be determined (90). RORYt has been established as the
critical transcription factor for Th22 differentiation, while Tbet is
an inhibitory transcription factor for this lineage (90). In contrast
to the relatively well-established roles of Th1 and Th17 cells in the
pathogenesis of GVHD, the role of Th22 cells and their trademark
cytokine, IL-22, remains controversial. In murine models of
aGVHD, approximately half the cytokine IL-22 was derived
from Th22 cells (91). However, IL-22 has been associated with a
protective effect on intestinal stem cells in an experiment that
showed recipient deficiency in IL-22 led to more severe immune-
mediated damage in the intestine (92). Simultaneously, it was
demonstrated in a murine allo-HCT model that deficiency of IL-
22 in donor T cells led to diminished aGVHD severity without
inhibiting GVT (93). In line with this latter finding, exogenous
injection of IL-22 into a murine model after allo-transplant was
associated with increased aGVHD severity secondary to Thl and
Tcl cell expansion, while diminishing Treg levels (94). However,
the tissue protective functions of IL-22 can be decoupled from pro-
inflammatory actions through structure-based design (95). Based
on these findings, a study of IL-22 IgG2-Fc (F-652) along with
corticosteroids for subjects with grade II-IV lower gastro-intestinal
(GI) aGVHD has been conducted (NCT02406651). Preliminary
results of the multicenter prospective phase 2 study showed the
combination with corticosteroids was well tolerated and met
primary efficacy endpoint (96). Based on these preliminary
results, Genentech has sponsored an ongoing clinical trial
investigating the use of IL-22Fc in addition to standard therapy
for prophylaxis of aGVHD in patients undergoing allogeneic HCT
(NCT04539470). Altogether, the action of IL-22 appears to
depend on its source and location with donor IL-22 leading to
increased aGVHD.

Tth

Tth cell differentiation is a multi-step process that is initiated by
dendritic cell priming of a naive CD4" cell (97). IL-6 is key to this
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priming process, and its signaling will increase the key transcription
factor B-cell lymphoma 6 (Bcl6) in the maturing cell (98-101). Tth
secrete IL-21 as its lead cytokine (102). IL-2 acts as an inhibitor of
the Tth pathway (103, 104). While Tth cells have not yet been
investigated for their roles in aGVHD, donor Tth cells have been
shown to induce cGVHD via their secretion of IL-21. This cytokine
leads to the proliferation of germinal centers, differentiation of
plasma cells, and the production of auto-antibodies characteristic of
c¢GVHD (105-107). Patients with active cGVHD had a significantly
lower frequency of circulating Tth compared with patients without
c¢GVHD which was associated with higher CXCL13 plasma levels
suggesting increased homing of Tth to secondary lymphoid organs.
Further, cTth were skewed toward a Th2/Th17 phenotype in turn
promoting B-cell immunoglobulin secretion and maturation (106).

Trm

It was previously thought that T cells were exclusively found in
the blood and secondary lymphoid organs at steady state. Recent
observations suggest that the majority of memory T cells reside
in human peripheral tissues, primarily located in the skin, gut,
liver and lung. Increasing studies unraveled that tissue resident
memory T (Trm) cells, representing a lineage of memory T cells,
are thought to be contributors in the pathogenesis of GVHD. The
Trm cells can be identified by specific markers like CD69 (108).
Contribution from host T cells has been recognized recently.
Pretransplant conditioning which typically consists of
chemoimmunotherapeutic drugs and/or total body irradiation
were thought to eliminate host T cells and therefore not play a
role in GVHD, but new studies indicate that host T cells resident
in peripheral tissues are highly resistant to depletion, even after
high-intensity conditioning (109). In humans, host-derived Trm
cells have been found in patients’ skin lesions before and after
allo-HCT and showed distinct transcriptomic program with
RUNX3 and galectin-3 as the phenotypic signatures for these
cells as compared to blood T cells (110). Similarly, host T cells
were found in all skin and colon from patients with aGVHD after
allo-HCT. A subset of host-derived Trm cells is highly proliferative
and can be directly activated by donor-derived monocytes. These
Trm cells promote the development of GVHD through production
of proinflammatory cytokines such as IFNy and IL-17 (109). Skin
Trm cells are HCT conditioning resistant and can be maintained
during a long period of time with replenishing T cells rapidly
acquiring Trm phenotype. The role of Trm cells in other GVHD
target organs is also being explored in preclinical models as well as
additional functional roles. For example, murine PSGL1'°CD4" T
cells from GVHD target tissues enhance B cell differentiation into
plasma cells and production of autoantibodies via their PD-1
interaction with PD-L2 on B cells. Similar evidence was found
from humanized GVHD target tissues. In addition, human
PSGL1'°CD4" T cells were apposed with memory B cells in the
liver tissues of humanized mice and cGVHD patients (111). By
creating three spatiotemporal T cell compartments in non-human
primates, development of pathogenic Trm into donor CD8" T cells
after allo-HCT was observed. Results showed that by day 8 after
transplant, donor T cells infiltrated into the GI tract and exhibit Trm
hallmarks. The T cells displayed highly activated and cytotoxic
phenotype driven by IL-15 and IL-21 signaling (112).

REGULATORY T CELLS IN GVHD

Th2

Th2 cells mainly produce IL-4, IL-5, IL-10, and IL-13 (113).
GATA-binding protein 3 (GATA3) was found to be the master
transcription factor for Th2 cells (114). Tc2 cells overlap with
Th2 cells in many ways, including their cytokine profile and
transcription factor. However, they express both less IL-4 and
GATA3 than Th2 cells (115, 116). While we placed Th2 cells
under the “regulatory” section due to their protective role when
adoptively transferred (117, 118), their overall role is still
controversial as they have also been shown to be involved in
the pathogenesis of GVHD of the skin and lungs at later stages
(48, 119). IL-10-producing Th2 subset has been associated with
decreased GVHD in animal models. Also, the natural protective
effect of Th2 cells on the gut may prove beneficial for preventing
severe gut GVHD (120), the most lethal location of the disease.
Additionally, Th2 and Tc2 cells have been described to mediate
significantly less severe GVHD compared to Thl and Tcl cells
after adoptive cell transfer (117, 118). However, these cells
concurrently have little to no ability to kill malignant leukemia
cells in vivo (117, 118). No conclusive results can be drawn for an
association between Th2/IL-4 and cGVHD.

Rapamycin resistant T cells (Trapa) hold promise in preventing
GVHD in adoptive cell transfer. Trapa cells have the advantage of
being more robust in vivo due to their increased frequency of the T
central memory phenotype (Tcm). Rapamycin resistant T cells also
have the advantage of proliferating to a greater degree compared to
rapamycin sensitive cells once removed from rapamycin (121).
These qualities have been exploited in both preclinical and clinical
studies. Ex vivo murine Trapa cells polarized with IL-4 toward a Th2
phenotype differentiated into the Th2-type cell and was more
effective at preventing GVHD and graft rejection than control
Th2 cells (122). Rapamycin-resistance in T cells has also been
shown to support Treg cell populations in vivo in the setting of
transplant, denoting another potential avenue of rapamycin and
rapamycin resistance to combat GVHD (123). A phase II clinical
trial investigated Th2-skewed Trapa cells used as donor leukocyte
infusion (DLI) after allo-HCT. Trapa cells showed a mix of Th2 and
Th1 phenotype and cumulative incidence probability of aGVHD
was 20% and 40% at days 100 and 180 post-HCT, respectively.
Safety was demonstrated, as none of the patients experienced
transplant-related mortality (124). However, there are no phase
III Trapa DLI clinical trials in process.

Th9

Th9 cells were shown to be a subset of CD4 cells unique from Th2
cells due to their significant IL-9 production and minimal IL-4
production (125). Characterization of this subset continued as
transforming growth factor-beta was found to induce IL-9
expression in Th2 cells (126). A concurrent study similarly
found that IL-4 along with TGF-beta led to an IL-9" IL-10"
Foxp3™ phenotype (127). Eventually, PU.1 was deciphered to be a
defining transcription factor of this unique subset (128). Recently,
it was described that CD8" cells could also differentiate into this
IL-9-producing subset, representing Tc9 cells (129). Unlike the
relatively straightforward role of Tregs, the function of Th9 and
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Tc9 cells in the context of immunomodulation is complicated, as
they have been implicated in both pro-inflammatory and anti-
inflammatory actions. It was suggested that Th9 cells may prevent
GVHD in an experiment that showed in a murine allogeneic
model, mice treated with a co-transfer of rapamycin resistant Th9
cells showed decreased donor CD8" cell engraftment and
decreased donor IFN-y production (130). In addition, two
studies suggested the importance of IL-9 specifically to
immune-mediated limitation of tumor growth (131, 132).

Aside from the decreased IFN-y with Th9 cell transfer, it was
postulated that this subset may decrease GVHD through their
expression of membrane-bound Stimulation-2 (ST2), the IL-33
receptor (23, 133). The IL-33/ST2 pathway has been shown to
induce type 2 cytokine production, which is implicated in both
supporting tissue repair and maladaptive allergic responses (134).
Elevated levels of soluble ST2 (sST2), the decoy receptor, was found
to be a risk factor for severe GVHD (135). Using an anti-sST2
antibody GVHD severity could be reduced. This treatment also
simultaneously maintained membrane-bound ST2 expression on T
cells, increasing the ratio of ST2 to sST2, as well as maintaining
GVT. This combination of findings pointed to the inverse
relationship between the two related receptors (136).

It has previously been described that Th2 cells express ST2
(137, 138) and that its ST2 expression is increased upon exposure
to TGF-beta and IL-33. Further, it was found that IL-33 and
TGF-beta treatment increased the expression of IL-9 by Th2 cells
(139). With these existing data, it was hypothesized that cells
polarized under Th9/Tc9 conditions with the addition of IL-33
would exhibit even greater anti-GVHD effect with maintenance
of GVT (23). Indeed, this was found to be the case. Furthermore,
supporting evidence was found for the mechanism of the T9y; 33
subset’s mechanism of GVHD prevention in that this subset
expressed significantly more amphiregulin (AREG) on its surface
than other subsets. Further research on the new T9 cell subset
found that cholesterol blockade in Th9 cells with beta-
cyclodextrin led to significantly increased IL-9 production as
well as increased tumor killing in both a melanoma model and a
metastatic lung tumor model (140). The combination of IL-33
with an anti-cholesterol agent to further enhance the desirable
phenotypic characteristics of this subset is an exciting potential
avenue of research that could be applied in the near future to
combat GVHD while maintaining GVT. Of note, like aGVHD,
sST2 is elevated in patients with cGVHD (141). However, the
role of the ST2/IL-33 pathway in preclinical model of cGVHD is
still under study.

Amphiregulin (AREG)-Expressing T Cell

AREG, a member of Epidermal Growth Factor (EGF) family,
binds to EGF receptor and promote the proliferation of normal
and malignant epithelial cells, fibroblasts and keratinocytes.
Deficiency of AREG in mice showed slower clearance of
helminth parasite, Trichuris muris, which was driven by Th2-
biased responses (142). Recent study has revealed that IL-33 via its
receptor ST2 enhances the production of AREG from ST2"
memory T helper 2 (Th2) subset, and directly involved in the
reprogramming eosinophils to an inflammatory state with a boost
production of osteopontin, a key profibrotic immunomodulatory

protein which hence contribute to establishing of lung fibrosis
(143). As described above, T9y; 35 surface expressed amphiregulin
(AREG) contributes to its GVHD prevention. Furthermore,
AREG was found to be essential to the anti-GVHD effect of
T11. 35 cells co-cultured with allogeneic colonic epithelial cells, as
AREG blockade significantly increased epithelial cell damage. It
was also found that AREG did not cause suppression of effector T
cell subsets, explaining the ability of T9yy 35 cells to simultaneously
inhibit GVHD and maintain GVT (23). In further support of
AREG?’s lack of suppressive activity, AREG was previously found
to be inconsequential in the suppressive activity of Tregs via
genetic ablation (144). Another recent work has revealed that ex
vivo IL-33-stimulated Tregs (termed as Treg; 33) expressed higher
AREG and displayed stronger immunosuppression. Adoptive
transfer of Tregy 33 led to a marked improvement of GVHD
prevention compared to either naive control Tregs or IL-23/IL-17-
stimulated Tregp 33. Consistently, blocking AREG with
neutralizing antibody in vivo abolished the immunosuppression
function of Tregy; 33, which collectively suggest a critical role for
AREG in IL-33/Treg-mediated GVHD control (145).

Classical Regulatory T Cells (Tregs)
In vivo, Tregs have been shown to develop under the influence of
IL-2, IL-15, and TGF-B with FOXP3 as the most critical
transcription factor (146-149). Tregs have an extensive
experimental history with respect to GVHD, as recently
reviewed (150). As predicted by their inherent biology of
immunomodulation and self-tolerance, Treg populations have
been shown to be decreased during GVHD, allowing for
alloreactive T cells to exert their effect (151). Tregs that are
FOXP3 negative are known as Type 1 regulatory (Trl) cells
(152). Trl cells were characterized as being generated due to
alloantigen stimulation by a recipient dendritic cell as well as
being stimulated by IL-27. The source of IL-27 is mainly donor
macrophages in the context of allo-HCT. In conjunction with
this finding, it was determined in this work that IL-6 inhibition
increases the proliferation of Trl by increasing T cell sensitivity
to IL-27 (153). Supporting the inhibitory role of Tregs in the
pathogenesis of aGVHD, Trl deficiency has been found to
exacerbate aGVHD in mouse models (153).

Naturally occurring Tregs (nTregs) have been studied for over
a decade in mouse models investigating their ability to prevent
aGVHD with nTreg transfer (154, 155). Recipient Treg
populations have been expanded before allo-transplant in mice
using tumor necrosis factor receptor-2 agonists, leading to
prolonged survival and decreased aGVHD (156). Chimeric
antigen receptor therapy has been applied to Tregs as well. An
alloantigen (HLA-A2) specific CAR was created and applied to
Tregs, thus creating an alloantigen-specific human Treg
phenotype. In murine models, these CAR-T cells demonstrated
superior xenogeneic GVHD prevention caused by HLA-A2" T
cells compared to Treg cells expressing an irrelevant CAR (157).

In human studies, Treg cells have become the front-runner in
the use of cell transfer to treat GVHD. Naturally occurring Tregs
(nTregs) hold significant promise as a therapy, but nTreg use in
clinic has been hindered by a limited amount of Tregs in the
peripheral blood (1-2%) (158, 159) and contamination of nTregs
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with CD25" T-effector or T memory cells (159-161). However,
good-manufacturing practice, large-scale ex-vivo expansion of
Tregs has been demonstrated (159). And despite these
limitations, human clinical trials using Tregs have shown
promising results. A phase one and dose escalation study with
umbilical cord-derived nTreg cells in the prevention of GVHD
was encouraging for this style of therapy in the future (162, 163).
Another trial investigated the effect of early infusion of freshly
sorted Tregs followed by conventional T cells (Tcons) on
immune reconstitution and GVHD after haplo-identical HCT.
Results of this trial showed promise for GVHD prevention,
immune reconstitution, preserved GVT, and resistance to
opportunistic infections (164). It is worth noticing that the role
of Tregs in cGVHD pathogenesis is controversial (165). Both
donor and recipient derived Tregs are known to use TGEp as
the effector of suppression in several models. In contrast to its
protective role in aGVHD, Treg-produced TGFf may exacerbate
c¢GVHD since TGFP can result in fibrosis of organs such as the
skin and lung (120).

In the ALT-TEN trial, patients underwent haplo-identical T-
cell depleted HCT combined with IL-10 pretreated T cells. The
IL-10 treated cells contained Tr1 cells and T memory cells. The
results demonstrated the feasibility of using Trl cells as a
treatment for immune-mediated disorders such as aGVHD
(166). The inhibitory role of IL-6 on Treg and Trl expansion
has been explored in a phase I/II clinical trial as a potential
therapeutic target for aGVHD. Anti-IL-6 tocilizumab was used
in a single dose before allo-matched HCT, which showed low
incidence of aGVHD with treatment, and called for further study
of this method in GVHD prophylaxis (167). However, a more
recent randomized phase 3 trial evaluating the addition of
tocilizumab to cyclosporin and methotrexate for aGVHD
prophylaxis, did not show statistically significant reduction in
grade II-IV aGVHD or long-term survival (168).

T CELLS INDUCERS OF GVT

Donor grafts-derived allogeneic immune cells, particularly the T
cells, recognize and eradicate leukemic cells via GVT reactivity,
which hence could harness the power for high-risk hematological
malignancies such as acute myeloid leukemia (AML) and multiple
myeloma (MM). However, the normal tissues of the recipient will
also be recognized and attacked by these cells also attack host
normal tissues by GVHD (169). Separation of GVT reactivity from
GVHD reaction is a necessary step for improving allo-HCT
outcomes. Previous study indicated that Th9 cells, a unique
subset of CD4" T cell that produce the pleiotropic cytokine IL-9
and boost antitumor immune responses in vivo via CD8" CTL-
mediated antitumor immunity (131). Further study revealed that
IL-9-produced CD8" T (Tc9) cells generated various cytokines and
showed less cytolytic activity in vitro but surprisingly elicited
enhanced antitumor responses against advanced tumors in OT-1/
B16-OVA and Pmel-1/B16 melanoma models (170). As proof of
principle of better antitumoral activity, human chimeric antigen
receptor (CAR) T cells polarized and expanded under a Th9-culture

condition (T9 CAR-T) showed enhanced antitumor activity against
established tumors compared to IL2-polarized (T1) cells. T9 CAR-T
cells secrete IL9 but little IFN-y, express central memory phenotype
and lower levels of exhaustion markers and display robust
proliferative capacity (171). In allo-HCT settings, T9 cells
activated with IL-33 during in vitro differentiation boosted their
ST2 expression and IL-9 production. Adoptive cell transfer (ACT)
of IL-33 activated T9 cells (T9y; 33) decreased GVHD severity and
increased GVT activity via two distinct mechanisms: decrease of
fatal immunity by amphiregulin expression and increase of
antileukemic activity via CD8o. expression (23).

NOVEL GVHD TREATMENTS BASED ON
FUNDAMENTAL T CELL BIOLOGY

Cellular Therapy

Recent reviews have summarized the scope of cellular therapies
to treat GVHD (172, 173). Table 1 list potential T-cells based
cellular therapies at different stages of development. Cellular
therapies are likely to expand their scope in patients with diverse
diseases (174), although delivery of such “live” drugs are not
easily scalable (175). Fortunately, in parallel strikes have been
made in GVHD treatment with classical drugs as summarized
below and in Table 2.

Small Molecules Inhibitors

ITK Inhibitors

Ibrutinib is an Interleukin-2-inducible T-cell kinase (ITK) and
Bruton tyrosine kinase (BTK) inhibitor that hinders the survival
of reactive T-cells, and B cells, respectively (176, 177). In mice,
transplant of bone marrow deficient in ITK and BTK showed the
importance of these molecules in the pathogenesis of cGVHD, as
the transplanted mice did not experience cGVHD (25).
Concurrently, mice treated with ibrutinib experienced less
severe cGVHD (178). In a phase I/II study for patients with
SR-cGVHD, ibrutinib was shown to significantly improve
symptoms in most patients, as well as decrease the frequency
of chemotactic and fibrotic factors in patients’ blood (179). A
significant number of adverse events (AEs) including grade > 3
infectious complications were seen; however the safety profile
was deemed acceptable as the AEs were similar to those observed
in ¢cGVHD patients treated with concomitant steroids (179).
These studies led to the first ever drug in cGVHD to obtain the
FDA breakthrough denomination.

TABLE 1 | Summary of Cellular Therapies for GVHD based on T cells subsets.

Treatment Status

Naive T cell depletion Completed Phase |l

Trapa DLI Completed Phase |l
Th9/TC9 Preclinical
HLA-A2 CART Treg Preclinical
nTreg Completed Phase |

Tr1 Expansion Completed Phase |l
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TABLE 2 | Summary of recent novel small molecule treatments for GVHD.

Treatment Mechanism Status Trials (examples)
Ibrutinib BTK/ITK inhibition Completed Phase I/Il
Phase IIl ongoing
Ruxolitinib JAK inhibition Completed Phase II/Ill for steroid-refractory aGVHD & cGVHD
Itacitinib JAK inhibition Completed Phase |, INCB039110
Phase Il for steroid naive patients
TMP778 RORt inhibition Preclinical
KD025 RORyt inhibition Phase Il NCT02841995
Tocilizumab Anti-IL-6 Completed Phase I/1I/1ll
Brentuximab Vedotin CD30 conjugated Ab Completed Phase |
Vedolizumab Integrin inhibition Halted Phase |l NCT02993783

Natalizumab Integrin inhibition Phase Il

NCT02176031, NCT02133924

JAK Inhibitors

Janus kinases (JAKs) are tyrosine kinases that mediate cytokine-
signaling in T cells, propagating survival and differentiation
signals (180). The activation of a JAK leads to phosphorylation
of signal transducers and activators of transcription (STATS)
(181). JAK signaling has also been associated with dendritic cell
function, thus amplifying this pathway’s potential importance in
GVHD (182, 183).

In mouse models, JAK1/2 blockade with ruxolitinib has
displayed decreased IFNy Receptor (IFNyR) receptor signaling,
leading to reduced severity of GVHD and preserved GVT (184,
185). In addition, JAK1/2 inhibition in mouse models led to
increased frequency of Tregs and decreased frequency of
inflammatory cytokines in association with the decreased severity
of aGVHD (181).

Following up on findings in murine models, a preliminary trial
of 6 human patients with SR-GVHD treated with ruxolitinib
showed an improvement in symptoms and similar reduction of
the frequency of inflammatory cytokines in peripheral blood (181).
In addition, a large multicenter retrospective survey of patients who
had received ruxolitinib for steroid-refractory GVHD suggested
that ruxolitinib had significant efficacy (186). The results of the
phase III randomized clinical trials have recently been published
with an overall response of 62% in the ruxolitinib group vs. 39% in
the control group (P<0.001) in steroid-refractory aGVHD (15), and
an overall response of 50% in the ruxolitinib group vs. 26% in the
control group (P<0.001) in steroid refractory cGVHD (16),
respectively. Ruxolitinib is now the second drug to get the FDA
breakthrough denomination for both cGVHD and aGVHD.

A specific blockade of JAK1 was explored in a phase I trial
with itacitinib (INCB039110), which showed responses rates of
64.7% and 88.3% for steroid refractory and treatment naive
disease, respectively (187). Similar AEs were seen with this
drug as with ruxolininib, including cytopenia and CMV
reactivations. However, itacitinib missed the mark in phase III
when given in combination with corticosteroids in patients with
treatment-naive aGVHD.

RORyt Inhibitors

TMP778

As mentioned above, one of the RORYt transcription factor small
molecule inhibitors, TMP778, has showed promise in a GVHD
murine model similar to an anti-IL-17 antibody (84). However,

global inhibition of a transcription factor is generally too toxic to
implement in clinic ad alternative have been found such as
ROCK?2 inhibitors upstream of transcription factors.

ROCK?2 Inhibitors

Belumosudil (KDO025) is a serine-threonine kinase inhibiting
ROCK2 that rebalances the immune system in GVHD by
downregulating pro-inflammatory Th17 cells and increasing
Tregs, also acting on JAK2/JAK3 and STAT3 (85). Further,
ROCK?2 is an intracellular integrator of profibrotic signals.
Excellent responses were seen in the phase II clinical trials (86)
(87) and belumosudil was FDA approved for cGVHD patients who
are received 2 prior lines of therapy as mentioned above (88).

Anti-Cytokines

Anti- IL6

The addition of a humanized anti-IL-6R mAb (Tocilizumab) to
standard GVHD prophylaxis has shown in promise in reducing
the incidence of aGVHD in a prospective phase I/II clinical study
(167). The phase III double-blinded study of the addition of
Tocilizumab vs. Placebo to cyclosporin/methotrexate GVHD
Prophylaxis after HLA-Matched allo-HCT failed to meet the
primary endpoint (168).

Conjugated Antibodies (Ab)

Anti-CD30 Ab

Higher frequency of CD30" CD8 T cells, plasma soluble CD30,
and CD30+ lymphocytes have been demonstrated in the
intestinal lesions of aGVHD patients (188). This led to the
proposal of using the anti-CD30 monomethyl auristatin E
(MMAE) conjugate for use in GVHD. A phase I trial for
patients with SR-aGVHD showed significant toxicity associated
with this drug, including neutropenic sepsis leading to death
along with other grade III toxicities of headache, hypoxia, ileus,
and elevated bilirubin (189).

Anti-Integrins Abs

Blockade of alpha4beta? in the gut has been used effectively for
inflammatory bowel disease as it disallows effector T cells from
being trafficked to the area of inflammation. Natalizumab is one
such example that has been used for autoimmune diseases such
as Crohn’s, however, its lack of specificity gives it the associated
risk of progressive multifocal leukoencephalopathy (PML) (190).
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Two phase II clinical trials are currently investigating the
effectiveness of natalizumab for GVHD (NCT02176031 and
NCT02133924) (14). Vedolizumab represents an example of a
monoclonal antibody that is specific to the gut, as it inhibits
alpha4beta7 integrin’s interaction with MAdCAM-1 and
therefore carries significantly lower risk for the serious adverse
outcome of PML (191-193). Similarly, this integrin has been
shown to be important in the pathogenesis of intestinal GVHD
(184). A recent case series of 6 patients explored the use of
vedolizumab for the treatment of steroid-refractory intestinal
GVHD. Patients treated with vedolizumab almost universally
achieved remarkable improvement in gastrointestinal GVHD
symptoms, in some cases having symptoms reduced from
grade IV to grade I or absent (194). However, a phase II
clinical trial, NCT02993783, to evaluate the safety and efficacy
of this treatment was recently terminated due to lack of efficacy.
Indeed, ORR at day 28 was 50% in patients treated at 300 mg
(n=28) and 22% in patients treated at 600 mg (n=9); 12% and
0% of patients, respectively, achieved complete response (CR).
Thus, higher the dose the less efficacious vedolizumab was. Due
to its mechanism of action of blocking T cell migration to the
intestine, it is likely that there cannot be an effect when GVHD is
already full-blown and T cells in the gut. However, it is possible
that preventing effector T cells migration to the GI tract may be
beneficial at early stages of GVHD or as GVHD prophylaxis.

CONCLUSION

Acute and chronic GVHD remain severe and common
complications of hematopoietic stem cell transplant. Prevention
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Allogeneic hematopoietic cell transplantation (allo-HCT) is a curative therapy for patients
with hematological malignancies. Acute Graft versus host diseases (GVHD) is a major
immune mediated side effect of allo-HCT that can affect the central nervous system (CNS)
in addition to post-allo-HCT vascular events, drug toxicity or infections. Here we
summarize and discuss recent preclinical data on the CNS as a target of acute GVHD
and the known mechanisms contributing to neurotoxicity with a focus on microglia and T
cells. We also discuss open questions in the field and place the findings made in mouse
models in a clinical context. While in mice the neurological deficits can be assessed in a
controlled fashion, in patients the etiology of the CNS damage is difficult to attribute to
acute GVHD versus infections, vascular events, and drug-induced toxicity. Ultimately, we
discuss novel therapies for GVHD of the CNS. Our understanding of the biological
mechanisms that lead to neurotoxicity after allo-HCT increased over the last decade.
This review provides insights into CNS manifestations of GVHD versus other etiologies of
CNS damage in mice and patients.

Keywords: GvHD, central nervous system, inflammation, drug toxicity, microglia, T cells

INTRODUCTION

Acute graft-versus-host disease (GVHD) is a life-threatening complication after allogeneic
hematopoietic cell transplantation (allo-HCT). About 50% of the patients with severe acute
GVHD fail to respond to corticosteroids, and steroid-refractory severe GVHD has a dismal
prognosis with a 1-year survival rate of less than 20% (1). GVHD was classically considered to
involve the skin, intestinal tract and liver, which was termed as “tissue tropism of acute GVHD”.
The target organs of acute GVHD are affected by commensal bacteria that populate these locations
and that may migrate through damaged epithelial barriers (2) and activate intestinal epithelium (3),
neutrophils (4, 5), dendritic cells, macrophages and monocytes (6). The observation that non-sterile
triggers of tissue damage such as ATP (7, 8) or uric acid (9) may contribute to GVHD support the
concept that also other organs with less commensal bacteria can be affected by GVHD. There is
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increasing evidence that the effects of acute GVHD are not
limited to the three classical target organs, but can also occur
in the central nervous system (CNS). Neurological complications
were reported in 10% of the patients undergoing autologous
(auto)-HCT while over 80% of allo-HCT patients experienced
neurological complications at some time point (10-12) which
indicates that not only the toxicity but also the allo-reactive effect
of the donor immune system may contribute to neurological
complications. Clinical manifestations of CNS-GVHD include
seizures, reduced vision and cognitive impairment. The
symptoms can resemble for example multiple sclerosis or
Guillain-Barre syndrome. Risk factors for neurological
complications during acute GVHD are diverse. Female gender,
high doses of total body irradiation (TBI), myeloablative high
dose chemotherapy-based conditioning, infections and
preexisting cerebrovascular disorders are major risk factors for
the development of neurological complications after allo-HCT
(13-15). CNS-GVHD though considered a rare entity,
significantly affects the mortality and quality of life in allo-
HCT patients (13). In this review, we provide an overview on
the cell types affected by CNS-GVHD and we discuss the diverse
clinical manifestations of the disease as well as infections,
vascular events and drug toxicities affecting the CNS.

STUDIES ON CNS-GVHD IN
PRECLINICAL MODELS

Preclinical studies using mouse models of acute GVHD showed
that the transfer of allogeneic T cells caused CNS infiltration by
effector memory T cells (16). The allogeneic T cells infiltrated
different regions of the CNS including the meninges, vasculature
and parenchyma while a comparable T cell infiltration was not
observed when only syngeneic T cells were transferred (16).
Evidence for CNS-GVHD was not restricted to the murine
model, as other investigators reported that CNS infiltration by
CD8" T cells was a key feature of GVHD in non-human primates
(17). Conversely, treatment of primates with immune-
prophylaxis after allo-HCT reduced the abundance of T cell
infiltration into the brain (17). These findings indicate that the
donor T cells manage to infiltrate the CNS despite its anatomical
location and immune privilege. Therefore, immune responses
may evolve differently from peripheral tissues. This infiltration
by T cells is likely due to disruption of the blood-brain-barrier,
which under normal conditions controls the influx of immune
cells into the CNS.

Though T cells play a central role for the induction of acute
GVHD, other cell types also contribute to the disease. Studies
reported an increase in the expression of MHC class I and II
molecules in the CNS in a rat model of GVHD.
Immunohistological studies revealed increased expression of
host MHC in parenchymal and vascular regions along with
increased infiltration of T cells (18). In line with the findings, a
fivefold increase in the MHC-II expression was observed in a
CD45"°CD11b* microglial population which further re-iterates
the involvement of microglia in CNS-GVHD pathogenesis (19).

Microglial activation was not only observed in inflammatory
disease of the CNS but also in several neurodegenerative diseases
including Parkinsons disease and Alzheimers disease (20). Host
derived IL-6 and Indoleamine 2,3 Dioxygenase-1 (IDO-1) were
shown to regulate the behavior patterns and inflammation in the
CNS during acute GVHD (21). Microglia and macrophages were
activated and increased the production of IDO-1 which thereby
resulted in behavioral deficits in a murine model of GVHD (22).
Interestingly, IL-6R inhibitor treated mice had decreased
infiltration of CD4 and CD8 T cells and reduced production of
pro-inflammatory cytokines in CNS. Recent clinical studies
showed that downstream signaling of IL-6R via JAK2/STAT
reduced acute and chronic GVHD in patients (23-25). We have
previously shown that microglia plays a central role in acute
GVHD-induced neurotoxicity (26). Acute GVHD caused an
amoeboid phenotype of microglia with reduced branching
points and dendrites when compared to the syngeneic HCT
controls in a murine model of GVHD (Figures 1A, B). Microglia
cells that were activated during acute GVHD exhibited increased
TNF expression and activated the downstream TAK/MAPK
signaling. Therapeutic inhibition of TAKI signaling by takinib
reversed the microglial activation and T cell infiltration (26).
Additionally the GVHD induced neurocognitive defects reduced
in mice treated with takinib, suggesting a novel potential
therapeutic avenue for acute GVHD of the CNS.

Consistent with the neurocognitive defects observed in mice
developing GVHD, neuronal damage in the CNS was reported
(16). Allogeneic T cells infiltrating the CNS induced apoptosis of
neurons and neuroglia, which limited the cognitive and
exploratory function in a murine model of GVHD (16). In line
with the findings, an increase in the expression of c-fos was noted
in several cortical regions including occipital and olfactory
regions in a rat GVHD model (27). In contrast, such
inflammatory effects were not observed upon transfer of
syngeneic T cells (27).

Multiple effects involving endothelial damage, T cell
transmigration, cytokine production and ultimately neuronal
damage are involved in CNS-GVHD (Figure 2).

HUMAN STUDIES ON CNS-GVHD

Consistent with findings in preclinical models, human brain
analysis of female sex-mismatched bone marrow transplant
recipients have identified donor (Y-chromosome®) derived cell
infiltrates (28). In addition to this, lymphocytosis was noticed in
CSF together with encephalitis with increased infiltration of T
cells and gliosis with no signs of infection further confirming the
occurrence of CNS-GVHD (29, 30).

Neurological deficits and MRI findings have been reported in
patients developing GVHD (31).

The clinical picture of acute GVHD is often connected to
neurological deficits in patients, morphological CNS white matter
changes detectable by magnetic resonance imaging and
intraparenchymal lymphocytic infiltration of the brain upon
autopsy (31, 32). In line with the findings, studies also reported
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Allo-HCT
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of mice undergoing syn-HCT or allo-HCT.

neurological deficits including drowsiness, dysphoria, right
dazedness and MRI findings of abnormal cerebra gyrus
swelling, corpus signal, diffused white matter regions (33).
Biopsy studies on GVHD brains showed axonal depletion
representative of demyelination disease in a patient. CNS-
GVHD is quite heterogeneous and case dependent with
patients most frequently reported with delusion, hemiparesis,
temporary unconsciousness and psychomotor agitation with
neither T cell infiltration to the CNS nor relapse of malignancy
(14, 34). On contrary, some patients also developed metabolic
encephalopathy with neurological deficits ranging from vision
loss, confusion to coma and death (15).

Autopsy studies revealed an increase of Iba-1" myeloid
cells in the CNS of patients with GVHD when compared to
the allo-HCT patients without GVHD. In addition to this the
microglia from CNS-GVHD patients had increased expression of
TNF (26).

Due to the rarity of CNS-GVHD and the difficulty to
distinguish the disease from other mediators of CNS toxicity,
biomarkers to identify CNS-GVHD would be highly desirable.
IgG index in the CSF is an indicator of neurological disorders like
multiple sclerosis, intrathecal inflammation (35, 36). Another
study indicated that Blood Brain Barrier (BBB) impermeability,
IgG -Synthesis index are early indicators of CNS demyelination
(37). In addition to this, increased BBB permeability, elevated
myelin basic protein in blood and CSF are some of the immune
markers that could be tested for their validity as biomarkers for
CNS-GVHD (36). Identifying the immune biomarkers that
predict damage to neurons, glial cells and myelin membranes
may help diagnose CNS-GVHD. Patients with CNS-GVHD

Allo-HCT

Sk

g8

FIGURE 1 | (A) Microglia morphology in the CNS of mice undergoing syn-HCT or allo-HCT as previously reported (26). (B) Infiltration of T cells (brown) in the CNS

were reported to respond to high dose corticosteroids,
intravenous immunoglobulin treatments, immunosuppressive
medications including methotrexate and etoposide (38).
Chronic CNS-GVHD is a late complication of allo-HCT and
clinical manifestations may include myasthenia gravis, myositis,
demyelination, angiitis (39, 40). Patients can also present with
stroke-like episodes, lacunar syndromes, multiple sclerosis-like
presentations or encephalitis (30). The diagnosis of chronic CNS-
GVHD is often challenging (41). The NIH Consensus Conference
on criteria for clinical trials in chronic GVHD delineated three
types of chronic CNS-GvHD: cerebrovascular disease, CNS
demyelinating disease, and immune-mediated encephalitis (41).
The NIH consensus on criteria for clinical trials in chronic GVHD
recommended that the diagnosis of chronic CNS-GVHD should
be made only when other organs are affected by GVHD and other
neurological differential diagnoses are excluded (41). Differential
diagnoses of chronic CNS-GVHD include in particular drug-
induced toxicities or opportunistic infections.

NON-GVHD RELATED CAUSES FOR
NEUROLOGICAL SYMPTOMS AFTER
ALLO-HCT

Neurological complications after allo-HCT can have multiple
etiologies such as infections, vascular events and drug-
induced toxicities.

After allo-HCT, patients are immunodeficient and therefore
highly susceptible to a variety of opportunistic infections caused
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FIGURE 2 | The simplified sketch shows the proposed mechanism how CNS-GVHD evolves and contributes to neuronal damage ultimately leading to cognitive
deficits. An initial event is the activation of microglia by stimuli that are not well characterized so far, being most likely damage associated molecular patterns (DAMPS)
and pathogen associated molecular patterns (PAMPs). Activated microglia upregulates MHC | and Il as well as CD80 leading to increased T cell priming. Additionally
microglia- and macrophage-derived IL-6 impacting IDO-1 induces neurological defects, leading to the clinical picture of CNS GVHD. TNF derived from microglia has
direct neurological toxicity. Donor T cells polarized towards Th1 and Th17 contribute to CNS GVHD as well as macrophages, monocytes and DC from the periphery.
Md, Macrophage; DC, Dendritic Cells; Tc, T cells; Ly6c* cells, Monocytes.

by either bacteria, fungi or viruses, which can also affect the CNS.
Acute GVHD further increases the risk of opportunistic
infections, which lead to neurological complications in some
patients (42). CSF analysis of patients undergoing allo-HCT
revealed the presence of cytomegalovirus (CMV), Epstein Bar
(EBV), Human Herpes virus-6 (HHV-6), HHV-8, toxoplasma
infections among others (43). Diffuse microglial hyperplasia
and microglial nodular encephalopathy were reported
in some patients, which indicates microglial activation in
response to infectious complications during GVHD (15).
Meningoencephalitis induced by Aspergillus species was
observed in children and adults undergoing allo-HCT with an
overall incidence rate of up to 30% (15, 44). Cerebral aspergillus
infections can cause stroke like manifestations with focal deficits
(45). Infections related to candida species were reported in allo-
HCT patients with neurological complications ranging from
vasculitis to hemorrhagic abscess (46). Bacterial infections also
account for major neurological complications after allo-HCT, e.g.
CNS infections with streptococcus and staphylococcus (15).
Klebsiella, E coli and Listeria monocytogenes were reported to
cause meningitis and brain stem encephalitis in allo-HCT

patients. Toxoplasma gondii encephalitis is a rare infection after
allo-HCT, mostly reported in countries with high prevalence rates
of the toxoplasma (47, 48). Neurotoxoplasmosis is characterized
by the presence of grey and white matter abscesses and can be
diagnosed by CT or MRI scans (49). Patients undergoing allo-
HCT are exposed to a variety of viruses that lead to viral
encephalitis further governing the mortality and morbidity
rates. HHV-6, EBV, Herpes simplex virus, CMV, John
Cunningham (JC) virus, varicella zoster virus, and adenovirus
are the commonly reported viral infections leading to
neurological complications in GVHD patients. Progressive
multifocal leukoencephalopathy is a progressive demyelinating
disorder caused by JC virus primarily affecting oligodendrocytes
in response to monoclonal antibodies (50). Restoration of
anti-viral immune responses is the only available option for
treating JC virus related infections, although tapering
the immunosuppression was unsuccessful in reversing the
neurological deficits in a fraction of patients (51). In addition to
this, a positive correlation between CD8" T cells in the CNS and
JC virus infected glial cells was reported (52). HHV-6 induced
encephalitis is a serious complication observed mostly within
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24 days of allo-HCT (53, 54). Patients with high levels of HHV-6
DNA in their plasma are at an increased risk of developing
neurological deficits that include epilepsy, delirium, and
cognitive impairment (53, 55). Pediatric patients receiving
haploidentical CD45RA T cell depleted grafts presented with
a high rate of HHV-6 induced encephalitis (56). Similarly,
HSV related infections can affect the CNS (57). Unlike HSV,
VZV infection typically affects multiple region in the CNS
and the common manifestations include myelitis and vascular
encephalitis. Post-transplant lymphoproliferative diseases
driven by oncogenic EBV pose considerably high risks post
allo-HCT (58). The infections caused by EBV are early onset
and mostly donor derived and risk factors include intensity
of immunosuppression and high-grade GVHD (59). The
manifestations are very similar to CNS lymphomas with
hypercellularity, necrosis and hemorrhages (60). CMV infections
in either lungs or CNS are often associated with extremely high
mortality rates in allo-HCT patients. CMV infection of the CNS is
typically a late onset disease and is associated with encephalitis or
polyradiculopathy (61). Umbilical cord transplantation and
prolonged T cell depletion are the major risk factors associated
with CMV encephalitis (62). Histological manifestations of the
CMV include viral inclusion bodies in the CNS commonly
referred as owls eye inclusions (63). In some patients the viral
load of CMV in the CSF was higher than in the peripheral blood
indicating the significance of monitoring the CMV copy levels in
the CSF when CNS involved by CMV reactivation is suspected
(63, 64). Allogeneic virus-specific T cells were shown to be effective
against CMV and EBV (65-67) and could be used to treat
neurological symptoms caused by virus infections. This strategy
will be most relevant for allo-HCT patients with drug-refractory
CMV infection that lack virus-specific T cells. A recent trial using
stem cell-donor- or third-party-donor-derived CMV-specific T
cells for the treatment of persistent CMV infections after allo-
HSCT reported complete and partial virological response rates in
62.5% and 25%, respectively (68).

Vascular complications including subarachnoid, subdural,
intraparenchymal and intraventricular hemorrhages were
identified by autopsy studies in the CNS of allo-HCT patients
(15, 69). Low platelet counts, an altered coagulation and pre-
existing vascular events are risk factors contributing to
hemorrhage and thrombosis post allo-HCT (70). Microvascular
injury and endothelial damage leading to increased microvascular
permeability were caused by calcineurin inhibitors in patients
undergoing allo-HCT (71).

Medications given pre- and post-transplant also contribute to
neurological deficits in patients undergoing allo-HCT. In order to
suppress the immune system of the patient and to eliminate
cancer cells, patients receive conditioning therapy. The type of
conditioning regimen mainly depends on the underlying disease,
comorbidities and the age of the patient. Conditioning regimens
can include combinations of high dose TBI with cyclophosmide
and cytarabine. Reduced intensity conditioning regimen (RIC)
often consist of fluradabine and busulphan and minimum dose
conditioning regimens use low dose TBI and busulphan (13, 72).
Cyclophosphamide induces neurotoxicity by generating reactive
oxygen species which further impairs the motor coordination,

learning and memory in rats (73). Busulphan, an alkylating agent,
is widely used for conditioning prior to allo-HCT. Busulphan
penetrates the CNS as shown by active CSF drug levels and severe
CNS toxicity was observed in patients treated with this agent (74).
Around 2% of the allo-HCT patients treated with busulphan were
reported to develop tonic clonic seizures (75, 76). A case study
reported disturbances in electroenchephalography (EEG) which
lasted for about 20 days upon busulphan and cyclophosphamide
treatment (77). Phenytoin is effective at preventing busulphan
induced seizures (78). Chemotherapy induced toxic
leukoencephalopathy has an unfavorable prognosis (79).
Autopsies of patients with leukoencephalopathy revealed
activation of astrocytes, infiltration of activated macrophages
and a decrease in microglia expressing TMEM119 along with
gliosis, demyelination in white matter (80).

In addition to neurotoxicity caused by the conditioning
regimen, the GVHD prophylaxis or treatment, anti-viral drugs,
antibiotics and anti-fungal agents can cause toxicity to the CNS.
The calcineurin inhibitors cyclosporine A (CSA) and tacrolimus
are widely used for GVHD prophylaxis as they block T cell activity
(81). However the expression of calcineurin is not limited to
lymphocytes, but it is also expressed by CNS cells, particularly in
the hippocampus (82). In the CNS calcineurin controls the
function of neurons and its blockade affects the CNS function
(83). Visual disturbances, increase in the occipital lobe density,
cortical abnormalities, seizures, posterior reversible encephalopathy
syndrome (PRES), hallucinations, motor weakness are some of the
most commonly reported side effects of CSA experienced by 10-
28% of the treated patients (84-87). In line with the reports, CSA
treated mixed glial cultures induced cell death of neurons and
oligodendrocytes indicating drug toxicity (88). While most of the
side effects induced by CSA are reversible, some reports indicate
that cyclosporine induced neurotoxicity might result in long-term
toxicity with permanent cortical blindness (89).The mechanism of
action of tacrolimus is quite similar to CSA, while some reports
suggest that CSA caused milder symptoms of neurotoxicity (50).
Tacrolimus induced PRES was reported in children undergoing
allo-HCT for hemoglobinopathies (90-92). Recently the JAK-1 and
JAK-2 inhibitor ruxolitinib has shown activity for the treatment of
corticosteroid-refractory acute and chronic GVHD (23-25). A
major side effects is thrombocytopenia, which may increase the
risk of cerebral hemorrhage after allo-HCT.

Antimicrobials or anti infectious drugs employed in the
treatment of opportunistic infections during GVHD also pose
significant threat to the CNS. Neutropenia together with
encephalitis induced stroke, and vertigo are the major side
effects of medications including acyclovir, gancyclovir (49). In
addition, thrombocytopenia induces vascular complications
ranging from subdural hematoma, hemorrhages and infarct
along with increased infection rate in patients post allo-HCT
(49). Amphotericin B triggers confusion, Parkinsonism, visual
changes and encephalopathies in some cases (49, 93). Cefepime
induced seizures, encephalopathy and myoclonus were noted in
some studies (49).

In aggregate, a plethora of infections, vascular events, and
drug-induced toxicities can cause neurogical symptoms that
need to be ruled out before diagnosing CNS-GVHD.
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DIAGNOSTIC PROCEDURES THAT
SHOULD BE PERFORMED IN CASE OF
CNS SYMPTOMS

The NIH Consensus Conference on criteria for clinical trials in
GVHD recommends the following measures in patients with
suspected CNS-GVHD (41): CSF cell count, serology, culture
and polymerase chain reaction for viral, bacterial or fungal DNA.
Imaging should include MRI of the CNS. MRI and CSF analysis
will reveal the underlying disease of the neurological symptoms
in the majority of cases. CNS-GVHD is an exclusion diagnosis
meaning that other causes should be excluded before
immunosuppressive therapy is started. The presence of other
GVHD manifestations make the diagnosis of CNS-GVHD more
likely. To exclude more rare causes for neurological symptoms
such as post-transplant acute limbic encephalitis in patients with
anterograde amnesia, inappropriate antidiuretic hormone
secretion and EEG abnormalities, it is recommended to
determine HHV-6 reactivation in the CSF and perform MRI of
the brain (41). In case that clinical presentation and MRI suggest
an infection, but serology and PCR from CSF remain negative a
biopsy of the lesion is recommended (41). In particular when
chronic fungal and viral infections as well as progressive
multifocal leukoencephalopathy are suspected (94). Also if
relapse of the hematological malignancy in the CNS is
clinically suspected a biopsy can be considered if the CSF
analysis was not conclusive.

SUMMARY

Despite recent advances in the clinical management of acute
GVHD, CNS-GVHD is still a life threatening complication that
is often difficult to diagnose. Preclinical studies have shown that
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allogeneic T cells infiltrate the CNS during GVHD and activate
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The efficacy of allogeneic hematopoietic stem cell transplantation (allo-HSCT) is limited by
the occurrence of acute and chronic graft-versus-host disease (GVHD). We have recently
demonstrated that obesity results in exacerbated acute gastrointestinal GVHD in both
mouse models and clinical outcomes due to increased pro-inflammatory cytokine
responses and microbiota alterations. We therefore wanted to delineate the role of the
various parameters in obesity, adiposity, effects of high-fat (HF) diet, and the role of
microbiome on GVHD pathogenesis, by taking advantage of a mouse strain resistant to
diet-induced obesity (DIO). Female BALB/c mice are resistant to DIO phenotype with
approximately 50% becoming DIO under HF diets. The DIO-susceptible recipients rapidly
succumb to acute gut GVHD, whereas the DIO-resistant recipient littermates, which do
not become obese, are partially protected from GVHD, indicating that being on HF diet
alone contributes to but is not the primary driver of GVHD. Microbiome assessment
revealed restricted diversity in both cohorts of mice, but coprophagy normalizes the
microbiota in mice housed together. We then individually housed DIO-resistant, DIO-
susceptible, and lean control mice. Notably, each of the individually housed groups
demonstrates marked restricted diversity that has been shown to occur from the stress of
single housing. Despite the restricted microbiome diversity, the GVHD pathogenesis
profile remains consistent in the group-housed mice, with the lean control single-housed
mice exhibiting no acute GVHD and DIO-resistant recipients showing again partial
protection. These results demonstrate that the deleterious effects of obesity on acute
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gut GVHD are critically dependent on adiposity with the HF diet also playing a lesser role,
and the microbiome alterations with obesity instead appear to fuel ongoing acute

GVHD processes.

Keywords: obesity, microbiome, GVHD, high-fat (HF) diet, cytokine storm

INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-HSCT)
is used for the treatment of a variety of hematopoietic disorders
ranging from cancer to aplastic anemia. However, the key
limitation to allo-HSCT is the development of graft-versus-
host-disease (GVHD) that can manifest through either acute
or chronic pathologies resulting in significant morbidity. A
hallmark of acute GVHD is that of an inflammatory cascade
resulting in a “cytokine storm” or pro-inflammatory cytokines
attack multiple organs including the gastrointestinal (GI) tract,
liver, lung, and skin, with chronic GVHD being more delayed
and fibrotic in nature. The acute GVHD process driven by
alloreactive donor T cells is fueled in part by the cytoreductive
conditioning applied that causes tissue damage to susceptible
organs (i.e., the GI system) and pro-inflammatory cytokine
induction. Different mouse models can mirror these pathologic
processes and can be highly selective depending on the strain
combination for modeling acute or chronic GVHD.

Obesity, which is characterized as body mass index (BMI)
greater than 30, is known to modulate immune responses and
induce a meta-inflammatory state that has been linked to worse
outcomes in various disease states (1, 2). Due to its rising
prevalence in the US population, understanding the effect of
obesity on health outcomes is critical. We have observed that
obesity exacerbates immune dysregulation in mice and
promotes a GVHD-like lethal pro-inflammatory cytokine
storm following strong systemic immunotherapy or
lipopolysaccharide (LPS) injection (3). In the context of allo-
HSCT, we have recently demonstrated that mice with diet-
induced obesity (DIO) placed on high-fat (HF) diets developed
more severe acute GVHD due in part to the induction of a
heightened pro-inflammatory cytokine storm (4). These effects
were also observed clinically in high-BMI HSCT recipients (4-
7). Interestingly, it was also observed that obesity resulted in
restricted microbiome diversity and increased gut permeability,
which may account for the specific targeting of the gut for acute
GVHD attack (4, 8-10). Prophylactic treatment with antibiotics
could partially protect the DIO mice from acute GVHD,
indicating that the microbiome likely plays a role (4). The
microbiome has been under intensive study in HSCT,
particularly clinically, with outcomes being linked to specific
deleterious and beneficial bacteria species (4, 11-14). Also, the
reduction of microbiome diversity has been previously reported
to be a negative prognostic indicator following HSCT (11, 14).
However, with the DIO mouse model, it was not clear whether
the microbiome alterations were primarily responsible for the
increased GVHD observed. With HF diets, there is markedly
increased adiposity that may be equally as important

as immunomodulators fueling pro-inflammatory cytokine
responses (3), but there is evidence that the diet itself may
also affect immune and in particular T-cell responses due to free
fatty acid metabolism (15, 16). We therefore wanted to delineate
in obesity which parameters were the major drivers in the
augmented acute gut GVHD observed.

Here, we attempt to discern the individual contributions of
adiposity, diet, and microbiome on obesity-associated poor
GVHD outcome. For these studies, the BALB/c DIO mouse
model was chosen because when placed on an HF diet, only half
of the female mice become obese even after several months of
exposure (17, 18). The other half of the mice, which do not become
obese, have weights similar to control mice fed a low-fat diet. This
provides a unique opportunity to delineate the individual roles of
obesity based on weight and diet on obesity-associated poor
GVHD outcome. Using a major histocompatibility complex
(MHC)-matched but minor histocompatibility antigen (mHA)
mismatch strain combination where normally only later chronic
GVHD occurs (19, 20), we observed that DIO-susceptible (DIO-S)
female mice succumb with nearly 100% lethality to rapid acute gut
GVHD, whereas the normal-weight DIO-resistant (DIO-R)
female littermates fed the same diet also displayed increased
acute GVHD but had improved outcomes, with more than 50%
of mice recovering but later developing similar chronic GVHD as
the lean recipients. As both co-housed DIO-S and DIO-R mice
had similar microbiome profiles and decreased microbiota
diversity when compared to lean controls, we then wanted to
assess the role of the microbiome by single housing the mice on
the different diets. Surprisingly, single cage housing resulted in
marked microbiome reductions in diversity in all cohorts. After
allo-HSCT in singly housed mice, the patterns of acute GVHD
susceptibility remained the same as the group-housed recipients
(with no GVHD in the lean recipients and comparable GVHD
outcomes in the DIO-S and DIO-R cohorts), indicating that
reduction of microbiome diversity alone was not sufficient to
drive acute GVHD susceptibility. These data highlight the
dynamics between obesity, diet, and microbiome and
demonstrate that adiposity is the major driver for increased gut
GVHD, although high-fat (HF) diet exposure can play a role to a
lesser extent.

METHODS

Mice and Allo-HSCT

In this study, 6-8-week-old female BALB/c and C57BL/6 mice
were obtained from Taconic Farms. Mice were placed on an HF
diet or low-fat diet (D12492 or D12450], Research Diets, Inc.). In
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our singly housed mouse model, 6- to 8-week-old female BALB/c
mice were placed in individual cages with low-fat or HF diet for
at least 4 months to establish their body weight and gain
phenotype before being used for HSCT.

The 8-10-week-old female B10.D2 mice were obtained from
Jackson Laboratory and were used as donor mice. In order to
create the MHC matched, mHA GVHD model, BALB/c mice
(H2%) received lethal total body irradiation (TBI) (800 cGy; 137Cs
source) and underwent transplantation with bone marrow cells
with or without splenocytes (25 x 10°) from the donor B10.D2
mice (H2) as described previously (4, 19). All mice were
maintained at the University of California (UC), Davis Medical
Center’s vivarium in accordance with Institutional Animal Care
and Use Committee (IACUC) standards.

Acute GVHD and Chronic GVHD Clinical
Score Criteria

Acute GVHD clinical scores were determined based on weight
loss (0-2), hunching (0-2), diarrhea (0-2), fur texture (0-2), and
skin integrity (0-2). Mice were euthanized if they had a total
score over 7 out of 10 or showed severe hunching (4, 21).

For sclerodermatous chronic GVHD, BALB/c mice were
monitored for skin clinical scores and body weight loss post-
allo-HSCT as described previously (4, 20). Briefly, skin clinical
scores were assigned as follows: 0, healthy appearance; 1, skin
lesions with alopecia area <1 cm? 2, skin lesions with alopecia
area of 1-2 cm? 3, skin lesions with alopecia area >2 cm?. Tail,
ear, or paw scaling represented an additional 0.3 point for each
lesion. Mice with a clinical skin score >3.3 (on a scale of 0-3.9) or
with severe ischemic skin and tail lesions and hunching were
euthanized per guidelines.

Magnetic Resonance Imaging

Mice were anesthetized with isoflurane and oxygen and then
scanned on a Biospec 70/30 7.0-Tesla small-animal magnetic
resonance imaging (MRI) system (Bruker Biospin Inc.) using a
60-mm quadrature transmitter/receiver coil for whole-body
imaging. The scanning protocol consisted of the multislice
with multi-echo spin-echo sequence with a single echo and
with respiratory gating to minimize breathing artifacts. Scan
parameters were echo time (TE) of 7.062 and repetition time
(TR) of 775, conducted with and without chemical-selective fat
suppression. Slice images were obtained in the coronal direction
to improve spatial resolution while keeping scan time and TR at
minimum. The in-plane matrix was 200 x 267 with a resolution
of 0.3 x 0.3 mm. Forty-four slices were acquired with a slice
thickness of 0.6 mm. Field of view was 6 cm x 8 cm X 2.64 cm.
Difference images were generated by subtracting the fat-
suppressed images from the non-fat-suppressed images to
identify the three-dimensional distribution of fat deposits.
Physiological monitoring (temperature and respiration) was
used during the entire scan to ensure consistency and animal
physiological stability.

Histology and Histopathology Scores
Tissues harvested from mice were placed in 10% formalin,
embedded in paraffin, sectioned, and stained with hematoxylin

and eosin. Tissue sections were evaluated and graded by a board-
certified veterinary pathologist in a single-blinded fashion. GI
pathology was scored on a scale of 0-3 based on goblet cell loss,
gland epithelial piling, and karyomegaly. Images were visualized
with a Vanox AHBS3 microscope with an SPlan Apo 20x/0.70
NA objective (Olympus, NY, USA). Images were acquired with a
SPOT RT color digital camera using SPOT version 4.0.2 software
(Diagnostic Instruments, MI, USA).

Fibrotic skin samples were assessed by Masson’s trichrome
staining with a Masson’s 2000 Trichrome kit (SKU# KTMTR2;
American MasterTech, Lodi, CA, USA). Images were visualized
with a Vanox AHBS3 microscope with an SPlan Apo 20x/0.70
numerical aperture (NA) objective (Olympus, NY, USA) and
acquired with a SPOT RT color digital camera using SPOT
version 4.0.2 software (Diagnostic Instruments, MI, USA).

Cytometric Bead Array

Serum cytokines were measured by cytometric bead array (CBA)
flex set kits (BD Biosciences, San Jose, CA): mouse tumor
necrosis factor (TNF) (Cat# 558299), mouse interleukin (IL)-6
(Cat# 558301). Serum samples were diluted 1:4 using assay
diluent solution provided in the kit. Capture beads and
detection beads were added as described in the user guide.
Cytokine concentration was measured by flow cytometry.

Antibodies and Flow Cytometry Analysis
Single-cell suspensions (1 million cells) were first incubated with
Fc Block (BD Pharmingen, San Diego, CA, USA) for 10 min and
then coincubated with antibodies for 20 min at 4°C, followed by
washing with staining buffer (phosphate-buffered saline + 1%
fetal bovine serum). Flow cytometry analysis was performed with
the LSR Fortessa cell analyzer (BD Biosciences, San Jose, CA,
USA), and data were analyzed using Flow]Jo v10 software (Flow]o,
Ashland, OR, USA). We used the following fluorochrome-
conjugated monoclonal antibodies purchased from BioLegend
(San Diego, CA, USA): CD45-Pacific Blue (30-F11), CD19-
Brilliant Violet 785 (6D5), CD1lc-phycoerythrin (PE)/Cy7
(N418), I-A/I-E-APC (allophycocyamin)/Cy7 (M5/114.15.2).
We used the following fluorochrome-conjugated monoclonal
antibodies purchased from BD Biosciences (San Jose, CA,
USA): CD229.1-PE (30C7).

Mouse Microbiome Analysis

Microbiome data are uploaded into a biorepository with
Bioproject ID PRJNA758120. DNA was isolated using the
Qiagen DNeasy PowerSoil kit (Qiagen) with the following
modifications. After addition of buffer C1, samples were
incubated at 65°C for 10 min and subjected to homogenization
using a Biospec Mini-Beadbeater (Biospec Products) for 2 min.
An additional wash step with 100% ethanol was included
preceding the wash with kit buffer C5. Samples were eluted in
100 ul of buffer C6. Primers 319F (TCGTCGGCAGCGT
CAGATGTGTATAAGAGACAG(spacer) GTACTCCTACG
GGAGGCAGCAGT) and 806R (GTCTCGTGGGCTCGGA
GATGTGTATAAGAGACAG(spacer) CCGGACTACNVGG
GTWTCTAAT) were used to amplify the V3-V4 domain of the
16S rRNA using a two-step PCR procedure. In step 1 of the
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amplification procedure, both forward and reverse primers
contained an Illumina tag sequence (bold), a variable-length
spacer (no spacer, C, TC, or ATC for 319F; no spacer, G, TG, or
ATG for 806R) to increase diversity and improve the quality of
the sequencing run, a linker sequence (italicized), and the 16S
target sequence (underlined). Each 25-ul PCR reaction contained
1 Unit Kapa2G Robust Hot Start Polymerase (Kapa Biosystems),
1.5 mM MgCl,, 0.2 mM final concentration dNTP mix, 0.2 uM
final concentration of each primer, and 1 pl of DNA for each
sample. PCR conditions were as follows: an initial incubation at
95°C for 3 min, followed by 25 cycles of 95°C for 45 s, 50°C for 30's,
72°C for 30 s, and a final extension of 72°C for 3 min. In step 2,
each sample was barcoded with a unique forward and reverse
barcode combination using forward primers (AATGATACG
GCGACCACCGAGATCTACACNNNNNNNNTCGTCGGC
AGCGTC) with an Illumina P5 adapter sequence (bold), a
unique 8-nt barcode (N), a partial matching sequence of the
forward adapter used in step 1 (underlined), and reverse primers
(CAAGCAGAAGACGGCATACGAGATNNNNNNNNGT
CTCGTGGGCTCGG) with an Illumina P7 adapter sequence
(bold), unique 8-nt barcode (N), and a partial matching sequence
of the reverse adapter used in step 1 (underlined). The PCR
reaction in step two contained 1 Unit Kapa2G Robust Hot Start
Polymerase (Kapa Biosystems), 1.5 mM MgCl,, 0.2 mM final
concentration dNTP mix, 0.2 uM final concentration of each
uniquely barcoded primer, and 1 pl of the product from the PCR
reaction in step 1 diluted at a 10:1 ratio in water. PCR conditions
were as follows: an initial incubation at 95°C for 3 min, followed
by eight cycles of 95°C for 30 s, 58°C for 30 s, 72°C for 30 s, and a
final extension of 72°C for 3 min. The final product was
quantified on the Qubit instrument using the Qubit Broad
Range DNA kit (Invitrogen), and individual amplicons were
pooled in equal concentrations. The pooled library was cleaned
utilizing Ampure XP beads (Beckman Coulter), then the band of
interest was further subjected to isolation via gel electrophoresis
on a 1.5% Blue Pippin HT gel (Sage Science). The library was
quantified via qPCR followed by 300-bp paired-end sequencing
using an Illumina MiSeq instrument (Illumina) in the Genome
Center DNA Technologies Core, University of California, Davis.
DNA extractions and library preparation were performed by the
UC Davis Host Microbe Systems Biology Core Facility.

Heatmaps were generated with R package “pheatmap”.
Boxplots and volcano plots were created with R. The linear
discriminate effect size (LefSe) program was used to ascertain any
significant differences in taxonomic abundance (22). The LefSe
program uses the Kruskal-Wallis sum-rank test to detect taxa
with significant differential abundance in relation to class, and
then biological significance is determined by pairwise tests
between subclasses using the Wilcoxon rank-sum test. Finally,
linear discriminate analysis is used to estimate the effect size of
each differentially abundant taxa, and taxanomic cladograms
were generated to highlight significant differences in taxa.

Statistical Analysis

Acute GVHD clinical scores and skin clinical scores were
analyzed by two-way analysis of variance (ANOVA) with
Tukey’s post-hoc test for comparison among groups. Flow

cytometry data were analyzed using the Student’s t-test. A p-
value <0.05 was considered significant. Survival curves were
plotted on a Kaplan-Meier curve and analyzed by a log-rank
test. The data were graphed and statistically analyzed using
GraphPad Prism (GraphPad Software, Inc., CA, USA).

RESULTS

High Body Weight, Not High-Fat Diet
Exposure, Is the Major Driver of Lethal
GVHD Post-HSCT in Mice

BALB/c mice have been shown to be relatively resistant to HF
diet weight gain, with some gaining weight (DIO-S) and some
maintaining weight values comparable to mice on control diets
(DIO-R) in the same cage (17). After 4 months on HF diet, we
also observed that there was a weight range only in BALB/c mice
that could be stratified into two cohorts: DIO-S [mean body
weights larger than the standard deviation (SD) of body weights
of control mice by 5 times, body weights are at least 35 g] and
DIO-R (less than 3x SD of control mice mean body weights,
lower than 30 g; Figures 1A, B; Supplemental Figure S1A).
Body weight gain kinetics also showed a significant difference
between DIO-S and DIO-R mice (Supplemental Figure S1B).
MRI scan and visceral fat quantification also revealed high body
fat content in DIO-S mice compared to DIO-R or control mice
(Figures 1C-E). These mice were then divided into cohorts to
assess effects on GVHD outcome compared to mice on the
control diet. We used the well-established MHC-matched but
minor mismatch strain combination model of B10.D2 (H-2%)
bone marrow cells and splenocytes into lethally irradiated BALB/c
mice (H-29) that normally results in a later sclerodermatous
chronic GVHD (23, 24). However, using DIO recipients, we
observed that obesity triggered a rapidly lethal acute GVHD
targeting GI tract in this strain combination along with other
mouse GVHD models (4). Now, comparing DIO-S and DIO-R
mice of the same strain, we observed that the DIO-S mice again
all significantly succumbed to lethal GVHD, while all the lean
control mice survived (Figure 1F). The DIO-R mice with
comparable body weights as the control lean mice all showed
acute GVHD symptoms with decreased survival but to a much
lesser extent as the DIO-S mice (Figure 1F). Clinical symptoms
of the DIO-S and DIO-R mice also showed that they developed
acute GVHD with diarrhea, body weight loss, ruffled fur, and
severe hunching (Supplemental Figures S1C, D). Cytokine
assessment confirmed evidence of heightened TNF and
significantly increased IL-6 in the serum of DIO-R and DIO-S
mice early after HSCT (Figures 1G, H). Notably, high pro-
inflammatory cytokine levels of IL-6 correlate with decreased
acute GVHD survival in the mice (Figure 1I). Based on the
clinical symptoms, we examined the GI tract by histopathology
and observed marked pathology affecting the small intestine and
the colon of the DIO-S mice and DIO-R mice posttransplant
with goblet cell loss, multifocal lamina propria inflammation
(Figures 2A, B) in agreement with previous results (4). Gene
expression assessment revealed a significant increase of pro-

Frontiers in Immunology | www.frontiersin.org

67

October 2021 | Volume 12 | Article 752484


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Khuat et al.

Mechanisms by Which Obesity Promotes Acute GVHD

A
6-month-old TBI 800 cGy + Survival
2-month-old JEXIEEILT=S Control (<30g) * GVHD symptoms
BALB/c (H-2¢) + Cytokine
+ Microbiome
B 6-month old (4 months on diets) (o] Control DIO-R DIO-S
60 RRA® arne g
5 DIO-susceptiole % Lt
fﬂ: 40 T Ay v
2 °
320 "‘
o o P P
Q?y va dé(b o"&
L L L
Control
ol 2 "‘; 5 P
I / & J 4 e
[F S
1 vt A ..
T ’((K : 5 =
A \ 22 -
) A 1
,-Er_q‘nwunpn’l]nnqm’qmqnmnn]ngpuqm.rpm|uwn||ng{u|qnﬁnn]mq£rn]mmm]m@m@mm 0 g = g
000 0\0 0\0
-@ Control + SC ], ”
4 DIOR+SC 4. |:
F 4 Dos+sc ] :I' G IL6
_. 1000 b
- 100 @ %, 800 _*x A
> e [ ]
e 754 § 600 g =
> s Ap
2 504 g 400
s g 200 ¥y A
o 254 3 @
0 v T
0 A . ) <L C <©
0 20 40 60 T R 907
Days post-HSCT [ o
H |
TNF 1000 @ Control + SC
1500 = W DIO-R+SC
£ 800{ A DIO +SC A
=) NS = |
? 1000 _. A %, 600 A
£ i, e 400 e
Tg‘ 500 Af = u i
5 m = 200 '
o
G S L & £
A\ o* o OSSO\ S P\
ey ) £ %Qé ¥Q @,é ¥Q %\,c‘
FIGURE 1 | (A) Lethally irradiated control, DIO-R, and DIO-S BALB/c mice received 8 million bone marrow cells and 25 million splenocytes from donor B10.D2
mice. (B) Body weights of BALB/c and C57BL/6 mice after 4 months on LF or HF diet (n=16-24/group). (C) Magnetic resonance imaging scans of control, DIO-R,
and DIO-S mice. Fat tissue is white. (D) Representative images of visceral fat content of control, DIO-R, and DIO-S mice. (E) Quantification of visceral fat content of
control, DIO-R, and DIO-S mice (n=4/group). (F) Survival rate post-HSCT (n=12/group). (G) Serum IL-6 and (H) TNF concentrations at day 7 post-HSCT (n=5-6/
group). (I) Correlation between acute GVHD outcomes and IL-6 levels (n=5-6/group). Graphs depict mean +s.e.m. Survival curve (F) was plotted on a Kaplan-Meier
curve and analyzed by a log-rank test. One-way ANOVA test was used in (B, F, G). *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001, NS, not significant.

apoptotic gene Caspase 3 in the gut of DIO-S mice
(Supplemental Figure S1E). Activated dendritic cells (MHC
II" CD11c") were also significantly higher in the mesenteric
lymph nodes of DIO-S mice (Supplemental Figures S2A, B).
Interestingly, the surviving DIO-R and control recipients later
developed typical sclerodermatous GVHD associated with this

model (Figures 2C-E). Taken together, these results
demonstrate that obesity correlates with a paradigm shift in
GVHD pathogenesis, shifting a typical chronic GVHD into a
lethal acute GI tract GVHD in an MHC-matched, mHA-
mismatched model and that body weight and not diet appears
to be the major driver correlating with GVHD outcome.
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FIGURE 2 | (A) Representative images of H&E staining from colon samples at day 7 post-HSCT. The scale bar is 100um. Circle indicates severe goblet cell

loss and mild, multifocal lamina proprial inflammation. Arrows indicate piling of glandular epithelial cells, degenerate crypts, apoptotic crypt abscess and rare
karyomegalic cells. (B) Pathology scores of samples from (A) (n=4/group). (C) Representative images of sclerodermatous GVHD with alopecia at day 55 post-HSCT.
(D) Representative photos of sclerodermatous GVHD with tissue fibrosis by Trichrome staining. The scale bar is 200um. Arrows indicate collagen deposition (blue).
(E) Chronic GVHD clinical scores post-HSCT (n=3-4/group). Bar graphs depict mean +s.e.m. One-way ANOVA test was used in (B). Unpaired Student’s t test was
used in (E). *p < 0.05, NS, not significant.

High-Fat Diet Exposure Results in Less allo-HSCT (4, 8, 9, 25). We next assessed the role of HF diet
Diverse Microbiota consumption on microbiome alterations in DIO-R and DIO-S
We and others have observed that obesity induces microbiome  cohorts. Indeed, microbiome profiles of both DIO-R and DIO-S
changes in both mice and humans, resulting in marked decreases  mice shared a high level of similarity at multiple taxonomic units
in microbial diversity that can correlate with poorer prognosesin ~ (Figure 3A). Principle component analysis showed closely
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FIGURE 3 | (A) Taxonomic profiles of resting control, DIO-R, and DIO-S BALB/c mice (n=4/group). (B) Principle component analysis (PCA) of microbiome profiles of
control, DIO-R, and DIO-S BALB/c mice (n=4/group). (C) Operational taxonomic units (OTUs) in control, DIO-R, and DIO-S BALB/c mice (n=8/group). (D) Abundance
of family Clostridiaceae of control, DIO-R, and DIO-S BALB/c mice. Bar graphs depict mean +s.e.m. One-way ANOVA test was used in (C, D). *p < 0.05, *p < 0.01.

distributed microbiome profiles of DIO-R and DIO-S mice
(Figure 3B). Resting DIO-R and DIO-S mice displayed a less-
diverse microbiome compared to the control (Figure 3C) that
could be correlated with poor HSCT outcome compared to
control diet recipients (4, 11, 14). Interestingly, the family
Clostridiaceae abundance, which has been shown to correlate
with better GVHD outcomes (13), was reduced in both DIO-R
and DIO-S mice compared to the control mice (Figure 3D).
These results indicated that exposure to HF diet alone regardless
of body weight or adiposity can modify the gut microbiota and

potentially contribute to acute GVHD pathogenesis post-HSCT
but, given the comparable microbiome profiles yet different
GVHD severities, was not the dominant driver in outcome.

Singly Housed Mice Reproduce the
Obesity-Resistant Phenotype and GVHD
Outcomes Observed in Co-Housed Mice

Given that our data were obtained from co-housed mice (in each
cage, there are both DIO-S and DIO-R mice) and that due to the
coprophagy of mice that has been reported to normalize a
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microbiome within a cage (26), we wanted to address if singly
housing the BALB/c mice prior to placing on the diets would
allow for better representation of the potential microbiome
alterations that can occur with HF diet and weight gain and if
social hierarchy status influenced body weight gain on HF diets
(Figure 4A). Mice were singly housed at 6-8 weeks old and given
control or HF diets, with their body weights monitored.
Surprisingly, singly housed BALB/c mice fed with HF diet still
displayed the same obesity-resistant and obesity-susceptible
phenotypes, indicating that social hierarchy and social status
do not impact weight gain (Figure 4B). Following allo-HSCT,
the patterns of acute GVHD onset also remained the same, as the
singly housed DIO-S and DIO-R mice had similar outcomes
compared to group-housed littermates, with the DIO-S having
higher acute GVHD clinical scores and lower survival compared
to DIO-R (Figures 4C, D). These GVHD outcomes were again
correlated with IL-6 and TNF levels (Figures 4E-G). Similarly,
the lean control mice and surviving singly housed DIO-R mice
developed sclerodermatous GVHD symptoms with alopecia later
at 8 weeks after HSCT (Figures 5A-C). These results indicate
that body weight gain is the primary driver in acute gut GVHD
pathology following allo-HSCT.

Singly Housing Normalizes Microbiome
Profiles Between High-Fat and Low-Fat
Diet-Fed Mice

We then characterized the microbiome status of the singly
housed control, DIO-R, and DIO-S mice, as there would be no
normalization as seen in the group-housed cohorts. It has been
previously reported that cold temperature can markedly reduce
microbiome diversity in mice, and the stresses of social isolation
are likely responsible for the effects seen in single-housed cohorts
(27). Our data showed that the taxon abundances in all three
groups (single-housed control, DIO-R, and DIO-S) were very
different when compared to their co-housed counterparts, yet
DIO-R and DIO-S were similar to each other (Figure 6A).
Principal component analysis revealed that the microbiome
profiles of singly housed DIO-S and DIO-R mice were
distributed in a scattered pattern (Figure 6B). Surprisingly, in
contrast to the marked effect that mice on HF diets had on the
microbiome compared to control diet mice, we observed similar
microbiome alterations occurring between the microbiome of
singly housed DIO-R, DIO-S, and control mice displaying
similar reductions in diversity. Diversity assessment showed
that all the singly housed mice had more restricted
microbiome diversity compared to the co-housed mice, even
more so than of that group-housed HF diet-fed mice
(Figure 6C). However, because the singly housed control diet
mice did not show evidence of the acute GVHD seen in the HF
mice but also had significantly lower operational taxonomic
units (OTUs) compared to group-housed control, these results
suggest that microbiome diversity alone might not be a crucial
indicator for acute GVHD outcomes in the absence of obesity.
Interestingly, abundance of family Clostridiaceae in singly
housed mice still stayed undetectable compared to high mean
levels observed in the control mice (Figure 6D). These data
suggest that HF diet consumption and fat content might play a

more important role than simply microbiome alterations in
order to induce the acute gut GVHD pathogenesis in mice.

DISCUSSION

To our knowledge, our results are the first to delineate the roles
of body weight vs. HF diet exposure in conjunction with the
microbiome on acute GVHD processes. We used a strain
combination for allo-HSCT in which only HF diet and obesity
induce acute gut GVHD, where, normally, chronic skin GVHD
would result. We also took advantage of DIO resistance of BALB/
¢ mice for distinguishing the role of adiposity vs. the diet itself on
GVHD induction. Furthermore, the use of microbiome
assessment involving group-housed vs. single-housed cohorts
allowed for delineation of reductions in microbiome diversity in
the development of acute GVHD in these mice due to the effects
of single-housing stress in inducing microbiome alterations in
mice. These results indicate that adiposity itself is the primary
driver for the acute gut GVHD pathogenesis, while the diet itself
does appear to exert some effects, as reflected in the survival and
pathology observed. In contrast, using single-housed control
mice on low-fat diet, where microbiome diversity reductions
still occurred, had no effect on acute GVHD induction,
indicating that while the microbiome alterations can indeed
play a role in perhaps fueling ongoing acute GVHD processes,
these alone are not sufficient for its induction in this strain
combination. This is in agreement with our recent study in which
prophylactic antibiotics could only partially ameliorate acute
GVHD in DIO recipients (4) but perhaps surprising that
obesity itself was the primary driver for induction of gut
GVHD processes perhaps due to increased gut damage
resulting from the cytoreductive conditioning in obese mice.

With the increasing incidence of obesity in the US and other
countries in the world, as well as increased consumption of foods
with HF content, our study raises salient points of how the
metabolically unhealthy body condition critically contributes to
poor overall survival and GVHD outcomes in the settings of allo-
HSCT particularly impacting the gastrointestinal system. There
are multiple factors that potentially play major roles in inducing
acute gut GVHD in recipients with prolonged HF diet
consumption and body fat deposition including, but not
limited to, increased damage by cytoreductive conditioning
and production of pro-inflammatory cytokines after radiation
and HSCT exacerbating cytokine storm (4); the impaired
intestinal barrier and integrity accommodate bacterial
translocation to the bloodstream, causing systemic sepsis (4);
the activation of T cells due to increased fatty acid metabolism
(15, 28); the activation of antigen-presenting cells, i.e., dendritic
cells, in the mesenteric lymph nodes that in turn recruit and
further activate donor T cells to trigger greater tissue damage and
inflammation (29, 30); and the reduced diversity of microbiota
and taxa alterations that likely all contribute for acute gut
GVHD pathogenesis.

HF diets have been shown to induce dysbiosis in the gut flora
that contributes to low-grade inflammation, impaired
antimicrobial peptide production, decreased tight junction
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FIGURE 4 | (A) 8-week-old BALB/c mice were individually housed and put on LF or HF diet for 4 months. Mice were then lethally irradiated and received 8 million
bone marrow cells and 25 million splenocytes from donor B10.D2 mice. (B) Kinetics of body weight gain of BALB/c mice on LF or HF diet. (C) Survival rate post-
HSCT (n=6-9/group). (D) aGVHD clinical scores post-HSCT (n=6-9/group). (E) Serum IL-6 and (F) TNF concentrations at day 7 post-HSCT (n=6-9/group).
(G) Correlation between acute GVHD outcomes and IL-6 levels (n=6-9/group). Bar graphs depict mean +s.e.m. Survival curve (C) was plotted on a Kaplan-Meier
curve and analyzed by a log-rank test. Body weght curve (B) and clinical scores (D) were analyzed by 2-way analysis of variance (ANOVA) with Tukey's post hoc
test for comparison among groups. One-way ANOVA test was used in (E, F). “p < 0.05, *p < 0.01, **p < 0.001, NS, not significant.
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FIGURE 5 | (A) Representative images of sclerodermatous GVHD with alopecia at day 55 post-HSCT. (B) Representative photos of sclerodermatous GVHD with
tissue fibrosis by Trichrome staining. The scale bar is 200um. Arrows indicate collagen deposition (blue). (C) Chronic GVHD clinical scores post-HSCT (n=4/group).
Bar graphs depict mean +s.e.m. Unpaired Student’s t test was used in (C). NS, not significant.

protein expression, and mucus layer destruction (8, 9, 25, 31).  been demonstrated to partially protect these DIO recipients (4).
These changes can lead to bacterial translocation from the  Similarly, the reduced GVHD occurring in the DIO-R mice
intestine into the bloodstream, Toll-like receptor-mediated  suggests that diet can also play a role, although more detailed
inflammation due to the release of pathogen-associated  assessment of adiposity is needed to rule out that the DIO-R
molecular patterns (PAMPs) (i.e., endotoxin, LPS, flagellin) or ~ mice, while comparable in body weight to low-fat diet-fed mice,

metabolites (i.e., bile acid) (10) that can facilitate more pro- still have modest increases in adiposity that could be sufficient for
inflammatory cytokine production, intestinal barrier  the effects observed. All of the results presented would indicate
deregulation, and continued GVHD-mediated gut pathology. that body fat alone and neither diet nor microbiome diversity is

In assessing the complex role of the microbiome in GVHD,  sufficient for the increased lethal acute gut GVHD observed.
attention has centered on roles of certain bacterial flora or strains ~ These data are also in agreement with studies demonstrating
and the impact of reduced microbial diversity that has been well- ~ mice placed on HF diets for shorter periods of time in which
documented to occur in obesity (4, 8, 9, 25). The results indicate ~ body weight has not been significantly altered yet microbiome
that reductions alone in microbiome diversity cannot induce alterations have occurred, but no GVHD effects resulted (4). As
acute GVHD in this strain combination, although it is likely that ~ the restricted microbiome diversity observed in single-housed
it augments the impact of obesity and diet since antibiotics have ~ mice regardless of diet is likely due to stress, it will be important

Frontiers in Immunology | www.frontiersin.org 1K) October 2021 | Volume 12 | Article 752484


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Khuat et al. Mechanisms by Which Obesity Promotes Acute GVHD

Control DIO-R DIO-S C: co-housing

CCCC $SSS SSSSSS CCCC SSSSSS CCCC $SS $5§
I i Jnspecified/Unspecified - a i) i
lnm-riﬂedlunspeclﬁedmnspedﬂed S Slng Iy housmg
Jnspecified/Unspecified/Unspecified
0CCaC Jnspecified/Unspecified

[Py occaceae/Unspecified/Unspecified

Turl:Ilyacteralcsﬂurlcibac(eraceaemurlclbacterlunspccmcgw
Jnspec nspeci

cnlIalesll.actobaclllaceaelbaclobacllluslUnspec-ﬂed

Closmdlalesn.achnos raceae/Unspecified/Unspecified

Clostridiales/Unspeci edlunspemﬂed/unspec-ﬂed

Clostr Jnspecified/Unspecified/Unspecified

Clostr Jnspecified/Unspecified/Unspecified

Clostridial 'MM'Iﬂed/unspeclﬂedanpeciﬂed

occac pecified/Unspecified

1 ] 1 |n<mr|ﬂedanpe(lﬂedIUn$pecmed

‘lnt'\-'nﬂedlun cﬁcd
0CCac -Mmrlllosplralunspecmed
0CCac Jnspecified/Unspecified
lMMflﬂedanper.medanpec-ﬂed
ln<~rmedanpecmchnspecmed
eae/Unspecified/Unspecified
Jnspecified/Unspecified/Unspecified
waleslunspecmed/unspecaﬁed/unspecuﬂed
ccac <M|nedlUnspe<med
0CCac '“‘miﬂedIU
0CCAC Inspecifi A(Mr|ﬂcd
iales/Ruminococcaceae/Oscillospirajunspec
Delembac(eralesloeferribacteraceaelMudspInllumlschaedlerl
eae/[Ruminococcusl/gnavus
d l'u"lnm-rlﬁedlunspecmedlunspecu fied
occaceae/Unspecified/Unspecified
0Ccac "kﬂllosp«ra/unspecihed
In:mrm 1/ '|ﬂ€d[""“‘"lﬂed
nr(arnannln(nn(‘ﬁedIUnspec.ﬂed
/Lac i [Unspecified/Unspecified
ac i e/Unspecified/Unspecified
ac eae/[R i 0CC
/Ruminococcac "ln(m]ﬁed]ljnspe(.ﬁed
diales/Ruminococcac lncmmed,u"smmed
Jnspecified/Unspecified/Unspecified
""“"lmr\mﬂedIUnspeccﬁedan cified
ae/Unspecifi nspecified
[Unspecified/Unspecified/Unspecified
In<mr|ﬂed/l lncmnﬂed/! Incmrmed
nrrar.x»nln<mmed[Un med
[Ruminococcaceae/Oscillos ﬂpdroIUnspecmed

ac eae/Unspeci

B C

Condition *
® DIOS
* DIOR
e Control

N
(4]
1

*x
AXAX [=)

2.0

1.5

PC2

1.0

(normalized to
singly-housed control)

Fold change of OTUs
o
2

o
=}

pC1 Singly-housed ~ Co-housed

e
o

% Family Clostridiaceae
¢ o
SRE

o
O
)
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to carefully delineate the impact of stress on microbiome
composition, as it may also have a bearing on GVHD
outcome. The results presented therefore demonstrate the
critical role of body fat deposition on acute gut GVHD
induction over that of diet and microbiome alterations.
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Graft versus host disease (GvHD) is a life-threating complication of allogeneic hematopoietic
stem cell transplantation, which is initially treated with high dose corticosteroids.
Approximately 50% of acute GvHD cases are resistant to steroid treatment, and two-year
mortality rates in those steroid-resistant patients exceed 80%. Chronic GvHD necessitates
prolonged corticosteroid use, which is typically associated with limited efficacy and
troublesome adverse effects. No agent has yet been established as an optimal second line
therapy for either acute or chronic GvHD, but mesenchymal stromal cells (MSCs) have shown
substantial promise. MSCs promote an immunosuppressive and immunoregulatory
environment via multifactorial mechanisms, including: secretion of proteins/peptides/
hormones; transfer of mitochondria; and transfer of exosomes or microvesicles containing
RNA and other molecules. A large number of clinical studies have investigated MSCs from
various sources as a treatment for acute and/or chronic GvHD. MSCs are generally safe and
well tolerated, and most clinical studies have generated encouraging efficacy results, but
response rates have varied. Confounding factors include variability in MSC donor types,
production methodology and dose regimens, as well as variations in study design. It is well-
established that extensive culture expansion of primary donor-derived MSCs leads to marked
changes in functionality, and that there is a high level of inter-donor variability in MSC
properties. However, recent manufacturing innovations may be capable of overcoming these
problems. Further adequately powered prospective studies are required to confirm efficacy
and establish the place of MSC therapy in the treatment of this condition.

Keywords: graft versus host disease (GvHD), mesenchymal stromal (stem) cell (MSC), stem cell, bone marrow
transplant (BMT), allogeneic

INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (HSCT) offers a potentially curative option for
conditions including hematological malignancies. However, its benefits are often limited by serious
complications, including graft versus host disease (GvHD).

GvHD arises from donor T-lymphocytes attacking host tissues. Features of GvHD may be
categorized as either acute or chronic, which were historically distinguished by the time
of occurrence (<100 or >100 days post-transplant) (1). However, this is likely an over-
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simplification, because acute GvHD may persist beyond 100
days, and there may be overlap between acute and chronic
syndromes (2). Both acute and chronic GvHD commonly
affect the skin. Chronic GvHD is characterized by an initial
lichenoid stage, similar to acute skin GVHD (3), often followed by
a distinct sclerotic stage (4). Other organs typically affected by
acute GvHD are the liver and gastrointestinal tract. Chronic
GVHD may affect almost any organ in the body (5).

GvHD is the cause of death in 8-16% of adult allogeneic
HSCT recipients (6). It should be noted that these figures likely
underestimate the extent to which GvHD contributes to post-
transplant mortality, given that GvHD may also predispose
HSCT recipients to other common causes of death, such as
organ failure, infection and hemorrhage.

Acute GvHD is typically staged and graded according to
criteria established at the 1994 Consensus Conference on Acute
GvHD Grading (7). In most clinical trials, response to treatment
is measured based on improvement in the severity of GVHD by at
least one grade (Partial Response; PR) and/or resolution of all
acute GvHD signs or symptoms, i.e. a return to Grade 0
(Complete Response; CR). The term Overall Response (OR)
rate refers to the sum of PR and CR rates. Similarly, consensus
criteria have also been developed for chronic GvHD, under
which a global severity score is based on two different scores of
the severity of cutaneous disease (8).

The prophylaxis and management of GvHD is complex, and
approaches vary substantially between centers worldwide (9).
Corticosteroids remain the mainstay of first-line treatment for
both acute and chronic GvHD. Approximately 50% of acute
GVHD cases prove to be resistant to high doses of steroids, and
the prognosis in those patients is extremely poor, with two-year
overall survival (OS) rates below 20% (10). In moderate-severe
chronic GvHD, systemic steroid treatment for at least one year is
typically required, with approximately 50-60% of patients
requiring secondary “steroid-sparing” treatment (such as
antithymocyte globulin (ATG), extracorporeal photopheresis
(ECP) or mycophenolate mofetil), and more than 10%
requiring systemic treatment for over seven years (11). Even
when steroid treatment is effective in chronic GvHD patients, it
may be associated with severe adverse effects, especially when
administered systemically for lengthy periods.

Diverse second-line agents have been investigated for the
treatment of GVHD after the failure of steroids. In 2019, the
Janus kinase inhibitor ruxolitinib (]akaﬁ®, Incyte Corporation)
was approved in the USA for the treatment of steroid resistant
acute GvHD (SR-aGvHD) (12). In July 2021, the rho kinase
(ROCK) inhibitor belumosudil (RezurockTM, Kadmon
Pharmaceuticals) was approved in the USA, for the treatment
of chronic GVHD after failure of at least two prior lines of
systemic therapy (13). Both of these recent approvals apply to
adults and children over 12 years of age only. Other agents
investigated for acute GvHD include ATG, anti-CD26
antibodies, and ECP (14, 15). An even wider range of agents
has been investigated for chronic GvHD, including Janus kinase
inhibitors, tyrosine kinase inhibitors, proteasome inhibitors,
monoclonal antibodies, and fusion proteins (16). However, to

date no agent has been established as an optimal second line
therapy for either acute or chronic GvHD, and there remains a
need for new therapies with superior safety and efficacy profiles.
The subject of this review is the use of mesenchymal stromal
cells (MSCs) in the context of GvHD. Over the past two decades,
there has been extensive interest in the potential therapeutic use
of MSCs in a wide range of clinical settings (17), including in
support of HSCT (18) and in the treatment of GvHD (19).

MECHANISM OF ACTION

MSCs lack human leucocyte antigen (HLA) Class II expression,
which allows allogeneic administration without donor-recipient
matching. MSCs exert multifactorial effects, including: paracrine
activity involving secretion of proteins/peptides and hormones;
transfer of mitochondria by way of tunneling nanotubes or
microvesicles; and transfer of exosomes or microvesicles
containing RNA and other molecules (Figure 1) (20, 21).

MSCs promote an immunosuppressive and immunoregulatory
environment, by secretion of cytokines, chemokines, growth
factors and extracellular vesicles (22, 23). Notably, MSCs
constitutively secrete indoleamine 2,3-dioxygenase (IDO), and
activation of MSCs by inflammatory cytokines including
interferon-gamma (IFN-y) and tumor necrosis factor-alpha
(TNF-0) leads to upregulation of this IDO secretion (24, 25).
IDO, in turn, leads to suppression of allogeneic T cell proliferation
(26). Further immunomodulatory effects of MSCs are mediated via
effects on B cells, natural killer cells, monocytes and dendritic cells
(24). An interesting idea is that apoptosis of MSCs in vivo
contributes to their immunomodulatory effects, a phenomenon
that may be mediated through the production and release of
apoptotic extracellular vesicles (27). Additionally, when
undergoing apoptosis, MSCs induce IDO production in recipient
phagocytes (28). It has also been shown that amelioration of GVHD
in a humanized mouse model was associated with altered
phosphorylation and cellular localization of the T cell-specific
kinase, Protein Kinase C theta (PKCO) (29).

Aside from immunomodulation, MSCs have also been shown
to limit tissue damage and stimulate tissue repair, primarily as a
result of paracrine effects on other endogenous recipient
cells (20).

CLINICAL EXPERIENCE

The use of MSCs to treat GvHD in a human subject was first
reported in 2004 by Le Blanc et al, of Karolinska Institutet,
Sweden (30). After receiving an allogeneic HSCT from a HLA-
matched, unrelated donor, a nine-year-old boy developed Grade
IV acute GvHD, which was refractory to treatment with
corticosteroids and several second-line agents. The authors
reported that the other 24 patients at their center who had
experienced such severe acute GvHD had all died within
6 months, with a median survival of just 2 months. In this
case, the patient was treated with two intravenous (IV) infusions
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FIGURE 1 | Mechanisms of action of MSCs in GvHD. MSCs may exert many effects on target cells via diverse potentially-overlapping mechanisms. Target cells
include (i) donor and host immune cells, including T cells, B cells, NK cells, monocytes and dendritic cells; and (i) host cells susceptible to damage by GvHD,
e.g. cells of the skin, gastrointestinal tract and liver. Potential mechanisms through which MSCs may act include (A, B): transfer of exosomes or microvesicles
containing RNA and other molecules; (C) paracrine activity including secretion of proteins (including IDO), peptides and hormones; (D) transfer of organelles via
tunneling nanotubes; (E, F) MSC apoptosis results in the release of apoptotic extracellular vesicles that act on target cells, as well as induction of IDO production

in recipient phagocytes.

of bone-marrow-derived allogeneic MSCs (on Days 73 and 150
post HSCT) from a related donor (his mother). The first infusion
was followed by a marked but incomplete improvement, while
after the second infusion the patient appeared to have recovered
completely, and he remained alive and well after one year.
Since that initial case report, numerous clinical trials have
been conducted to investigate MSCs as a treatment for GvHD. As
of 30 June 2021, a total of 43 interventional clinical trials/
expanded access programs involving MSCs as a treatment for
GvHD have been registered on clinicaltrials.gov. Of those
studies, 19 are complete, and papers summarizing the results
of 10 have been published. Papers summarizing a further
17 studies involving patients with GvHD that were not
registered on clinicaltrials.gov have also been published
(studies conducted outside of the USA are not required to be
registered on clinicaltrials.gov). Table 1 summarizes the overall

characteristics of the published and unpublished studies
registered on clinicaltrials.gov.

The vast majority of studies have involved allogeneic MSCs,
with bone marrow being the most common tissue source. A
small number of trials have used MSCs derived from cord blood
or adipose tissue, and a single study to date has been undertaken
using iPSC-derived MSCs. The trials have been conducted by a
wide range of sponsors, including both academic and
commercial institutions.

As summarized in Table 2, most (n=18) published studies
included only patients with SR-aGvHD. The patient population
varied across other studies: five included patients with either SR-
aGvHD or chronic GvHD; two included only patients with
chronic GvHD; one included patients with either SR-aGvHD
or newly diagnosed acute GVvHD; and one included only patients
with newly diagnosed acute GvHD.

TABLE 1 | Overall Summary of Characteristics of Clinical Studies of MSCs in GvHD (n = 60).

Study Type n Age group n MSC Source n
Phase 1 12 Adults only 23 Bone marrow 42
Phase 1/2 15 Adults and children 32 Cord blood 7
Phase 2 13 Children only 5 Adipose tissue 2
Phase 2/3 4 iPSCs 1
Phase 3 6 Registered on clinicaltrials.gov 43 Not stated 8
Compassionate use 10 Not yet recruiting 3

Recruiting 5 MSC Donor Type

GvHD Type Active, not recruiting 1 Allogeneic 1
Acute GvHD 40 Withdrawn/terminated 2 Autologous 57
Acute or chronic GvHD 10 Complete 19 Not stated 2
Chronic GvHD 10 Unknown 13
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TABLE 2 | Summary of Published Clinical Studies of MSCs in GvHD.

First-line Treatment of Acute GvHD, in Combination With Corticosteroids

Reference Study Type® MSC source Group D28 os
[dose”] (if applicable) Response
(# of infusions]
CR OR
Kebriaei et al. (31) Phase 2 CT (n=32; age: 34-67) BM [2 or 8] (2) Low dose 88% 88% 69% (D90) (pooled
High dose 67% 100% cohorts)
Soder et al. (32) Phase 1 CT (n=5; age: 35-63) UCB [2 or 10] (2) Low dose: 50% 100% 67% (D180)
High dose: 33% 33% 33% (D180)
Treatment of SR-aGvHD
Reference Study Type® MSC source Group D28 Response (other timepoints) oS
[dose®] (if applicable) Response
(# of infusions] CR OR CR OR
von Bonin et al. Compassionate use (n=13; age:  BM [0.6-1.1] (1-5) 8% 54% 31%*
(33) 21-69)
Lucchini et al. (34) Compassionate use (n=8; age: 4- BM [0.7-1.6] (1-2) 24% 71% 63% (1y)
15)
Muroi et al. (35) Phase 1/2 CT (n=14; age: 4-62) BM [2] (8-12) 75% 93% 57% (2y)
Introna et al. (36)  Phase 1 CT (n=40; age: 1-65) BM [1 £ 0.5] (2) 28% 68% 50% (1y); 38% (2y)
Zhao et al. (37) Phase 2 CT (n=47; age: 14-54) BM [1] (2-8) MSCs: 36% 75% 45% (3y)
BAT control Controls: 26% 42% 23% (3y)
Muroi et al. (38) Phase 2/3 CT (n=25; age: 5-66) BM [2] (8-12) 24% 60% 48% (1y)
Salmenniemi et al. Phase 1 CT (n=26; age: 2-66) BM [2] (1-6) 27% 62% 42%*
(39
Bader et al. (40) Compassionate use (N=69; age:  BM [1-2] (1-4) 32% 83% 71% (6 M)
1-78)
Kebriaei et al. (41)  Phase 3 CT (n=260; age: 0-70) BM [2] (8-12) MSCs: 37% 58% 34% (D180)
BAT control Controls: 32% 54% 42% (D180)
Kurtzberg et al. Compassionate use (n=241; age: BM [2] (8-12) 14% 65% 67% (D100)
(42) 0-18)
Kurtzberg et al. Phase 3 CT (n=54; age: 0-17) BM [2] (8-12) 30% 70% 69% (D180)
43
Bloor et al. (44) Phase 1 CT (n=15; age: 21-66) iPSC[1or2] (20 Low dose: 13% 63% 50% (D100) 88% (D100) 88% (D100)
High dose: 57% 86% 57% (D100) 86% (D100) 86% (D100)
Soder et al. (32) Phase 1 CT (n=5; age: 48-73) UCB[20r10] (2) Low dose: 33% 100% 100% (D180)
High dose: 50% 50% 50% (D180)
Prasad et al. (45)  Compassionate use (n=12; age:  BM [2 or 8] (8-12) 17% (D32); 58% 67% (D32); 75% 58% (D100); 40%
0-15) (DB0) (D60) 2y)
Sanchez-Guijo Phase 2 CT (n=25; age: 20-65) BM [0.7-1.3] (2-4) 46% (D60) 71% (D60) 44% (1y)
et al. (46)
Ringden et al. (47) Phase 1 CT (n=8; age: 3-61) BM [0.7-9] (1-2) 75%* 75%* 38% (2y)
Le Blanc et al. (48) Phase 2 CT (n=55; age: 0-64) BM [0.4-9] (1-5) 55%* 71%* 35% (2y)
Arima et al. (49) Phase 1 CT (n=3; age: 39-64) BM [0.5] (1) 0%* 33%* 0% (2y)
Perez-Simon et al.  Phase 1/2 CT (n=10; age: 18-65) BM [0.6-2.9] (1-4) 10%* 70%* 20%*
(50)
Herrmann et al. Phase 1 CT (n=12; age: 21-58) BM [1.7-2.3] (2- 58%* 92%* 50% (By)
(51) 19)
Ball et al. (52) Compassionate use (=37, age:  BM [0.9-3] (1-19) 65%* 86%" 51%*
0-18)
Resnick et al. (53) Compassionate use (n=50, age: ~ BM [0.3-2.3] (1-4) 34%* 66%*
1-69)
von Dalowski et al. Compassionate use (n=58; age: ~ BM [0.5-2.1] (1-6) 9%* 47%* 19% (1y); 17% (2y)
(54) 19-71)
Dotoli et al. (55) Compassionate use (n=46; age: ~ BM [1-29.8] (1-7) 7%* 50%* 20% (1y); 17% (2y)
1-78)
Treatment of Chronic GvHD
Reference Study Type® MSC source Group CR OR oS
[dose®] (if applicable)
(# of infusions]
Ringden et al. (47) Compassionate use (n=1; age: BM [0-6] (1) No No response 0% (1y)
27) response
Lucchini et al. (34) Compassionate use (nN=5; age: BM [0.7-1.4] (1-4) 40% (D28)  80% (D28) 100%*

5-12)

(Continued)
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TABLE 2 | Continued

First-line Treatment of Acute GvHD, in Combination With Corticosteroids

Reference Study Type® MSC source Group D28 os
[dose”] (if applicable) Response
(# of infusions]
CR OR
Perez-Simon et al. Phase 1/2 CT (n=10; age: 21-66) BM [0.2-1.2] (1-4) 13%* 50%* 63%*
(50)
Herrmann et al. Phase 1 CT (n=12; age: 31-53) BM [1.7-2.3] (2- 29%* 57%* 29% (1y)
(51) 19)
Jurado et al. (56)  Phase 1/2 CT (n=14; age: 24-60) UCB [1 or 3] (1) Low dose: 57% 67% (1y) 67% (1y)
(pooled
cohorts) (1y)
High dose: 80% (1y) 80% (1y)
Salmenniemi et al.  Compassionate use (n=4; age: BM [2] (1-6) No No response 25%* (3m)
(89) 37-63) response
Boberg et al. (57)  Phase 1 CT (n=11; age: 20-61) BM [2] (6-9) Not 55%* 82%*
reported

a. No internal control group unless stated.
b. Dose expressed as 10° cells/kg.

CR, complete response; OR, overall response; OS, overall survival; CT, clinical trial; BAT, best available therapy; BM, bone marrow; AT, adipose tissue; UCB, umbilical cord blood; iPSC,

induced pluripotent stem cell; y, year; D, day.

* Timeframe for assessment not specified, and duration of follow-up varied between patients in some cases.

DISCUSSION

There is broad consensus that MSCs are generally safe and well
tolerated (17, 21). None of the published studies of MSCs in
GVHD reviewed here identified any significant safety issues. This
is consistent with the wider experience of MSCs in the treatment
of other conditions. A systematic review of MSCs in 55 clinical
trials, in which 2,696 patients received MSC treatment, found an
association between MSCs and transient fever, but not with acute
infusional toxicity, infection, thrombotic/embolic events, death
or malignancy (58).

Clinical studies of MSCs for SR-aGvHD in particular have
generated encouraging efficacy results, but response rates have varied.
For example, four studies of MSCs in SR-aGvHD have reported D28
OR rates exceeding 80% (32, 35, 40, 44) and a further three have
reported D28 OR rates of at least 70% (34, 37, 43). However, a number
of other published studies have reported lower D28 OR rates, ranging
from 50-68% (33, 36, 38, 39, 41, 42).

There has been even greater variability in D28 CR rates, with
an overall range of 8-75% reported in SR-aGvHD patients (32—
44). Notably, CR and OR rates do not necessarily correlate: one
study that reported a very high D28 OR rate (93%) also reported
a very high D28 CR rate (75%), while another study reported a
D28 OR rate of 100%, but a CR rate of just 33% (32, 35). While
the latter study had a very small sample size (n=5), this
inconsistency was also evident in larger studies: in a
compassionate use study with the commercial MSC product
remestemcel-L (n=241) the D28 OR and CR rates were 65% and
14% (i.e. 21% of responders were complete responders) (42);
while in a Phase 3 clinical trial with the same product (n=260),
the D28 OR and CR rates were 58% and 37% (i.e. 64% of
responders were complete responders).

Opverall, outcomes with MSCs compare favorably to those
reported with other second-line agents. In clinical trials in

patients with SR-aGvHD, ruxolitinib treatment led to D28 OR
rates of 55-62% and D28 CR rates of 27-34% (59, 60); etanercept
treatment led to D28 OR rates of 50-53% and D28 CR rates of 0-
20% (61, 62); while one-month OR and CR rates in patients
treated with ECP were <50% and 33%, respectively (63). It
should also be noted that some safety concerns have been
associated with ruxolitinib and etanercept.

Caution must be exercised in comparing results between
studies. Confounding factors include variability in MSC donor
types, MSC dose per infusion, and number of infusions per
patient — even within the same trial in some instances. A further
issue is that there is no universally accepted definition of steroid-
resistance. Clinical trials in SR-aGvHD typically require patients
to have failed to respond despite treatment with corticosteroids,
but the minimum period of treatment required varies between
trials [e.g. 3 days (48) or 7 days (41)]. Additionally, many of the
published studies have been compassionate use programs rather
than formal, prospective clinical trials, while most of the clinical
trials have been open-label studies with no control group.

Importantly, there has also been a lack of standardization on
the timeframe for assessment of outcome measures. The most
common timepoint to assess acute GVHD response has been 28
days, and for that reason D28 CR and OR rates are shown in
separate columns in Table 2. However, some studies assessed CR
and OR at different specified timepoints, while in many studies
the timeframe for response assessment was not specified,
meaning that a response at any time during follow-up was
counted. In studies where response rates were assessed at more
than one timepoint, there was a marked increase in response
rates at later timepoints (44, 45). Consequently, D28 response
rates cannot be compared with response rates at later timepoints,
or response rates at unspecified timepoints.

Similarly, many studies have reported OS rates at the time of
last follow-up, and the duration of follow-up per patient has
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typically varied both within and between studies. Furthermore,
some studies have reported OS only at early timepoints such as
D100 or D180, which are likely to be too soon to draw
any conclusions.

Greater standardization in the design of future clinical trials
would facilitate more robust evaluation of the efficacy of
potential GVHD treatments. In recent years, D28 OR rate has
been the primary endpoint in several Phase 2 and 3 clinical trials
in SR-aGvHD, including those that supported FDA approval of
ruxolitinib (43, 59, 60). Although not necessarily the primary
endpoint, this outcome measure has also been reported in
numerous other MSC trials, along with D28 CR rate (32-42,
44). Another important consideration is what, if any, control
group to include. Until recently, as there were no treatments
specifically approved for SR-aGvHD, the only ethical control
options in SR-aGvHD trials were: a best available therapy (BAT)
control group; an external control group; or no control group.
Each of those options had limitations, but in light of the recent
FDA approval, the possibility now exists to conduct trials in SR-
aGvHD with ruxolitinib as a control. A proposed Phase 3 trial of
a monoclonal antibody-based treatment in SR-aGvHD was
recently registered on clinicaltrials.gov, which aims to
demonstrate that the investigational agent is superior to
ruxolitinib based on D28 CR rate (64). A similar design may
be suitable for late-stage trials of MSC products, while a non-
inferiority design might also be sufficient to support approval,
especially as MSCs appear to have a very good safety profile.
However, the inclusion of a ruxolitinib control might remain
challenging in multinational studies, as ruxolitinib is not yet
approved for the treatment of SR-aGvHD in the European Union
or many other jurisdictions.

Another notable variable lies in the MSC manufacturing
processes used. Academic studies have typically used
minimally expanded bone marrow-derived MSCs, but most
commercially-sponsored studies have utilized bone marrow-
derived MSCs that were extensively expanded using industrial-
scale processes.

The initial trial with a commercially produced bone marrow-
derived product (remestemcel-L) in acute GvHD showed
positive results (31). However, the results of that study are
difficult to interpret in the context of other published studies,
as it involved first-line treatment of acute GvHD in combination
with corticosteroids, rather than treatment of SR-aGvHD.
Additionally, the study did not include a control group, and
first-line acute GvHD treatment with corticosteroids in the
absence of MSCs has been shown to result in CR and OR rates
as high as 69% and 78%, respectively (65). A subsequent
randomized-controlled Phase 3 trial of remestemcel-L in
patients with SR-aGvHD was completed in 2009, but with
disappointing outcomes, which were belatedly published in
2020 (41). The trial found that remestemcel-L treatment led to
significantly improved OR and durable CR rates in patients with
liver GVHD. There was also a higher OR rate in children treated
with remestemcel-L compared to controls. Nonetheless, the trial
failed to meet its primary endpoint - there was no statistical
difference between the durable complete response rate in patients

treated with remestemcel-L in comparison to those treated with
placebo. In more recent years, further trials with remestemcel-L
in SR-aGvHD have been completed, including: two single arm,
open-label clinical trials in adults and children in Japan (n=14
and n=25, respectively) (35, 38); a single arm, open-label clinical
trial in children in the USA (n=51) (43) and a large
compassionate use study in children in the USA (n=241) (42).
Those studies have generated more positive results, but CR rates
in particular have been mixed (24-75% in Japan, and 14-30% in
the USA).

A number of suggestions have been offered to explain the
apparent inconsistency in outcomes between trials. A review
published in 2013 observed that the most striking difference
between academic and commercial MSC treatments was the
extent of MSC expansion - ranging from the production of 5-10
doses per bone marrow donation at academic centers, to 10,000
doses with remestemcel-L (66). There is a substantial body of
evidence in the literature demonstrating that extensive culture
expansion of bone marrow-derived MSCs leads to marked
changes in functionality (67, 68). There is also evidence that
clinical efficacy of MSCs is impaired even by modest levels of
expansion (69).

It is well-established that there is a high level of inter-donor
variability in MSC properties. For example, MSC gene
expression, differentiation, proliferation and colony-forming
capacity vary markedly between donors (67, 70). The
susceptibility of MSCs to activation by IFN-y and TNF-c, and
the consequent upregulation of IDO expression and suppression
of T cell proliferation, is also donor-dependent (24, 71, 72). With
respect to processes that rely on isolation of MSCs from random
donors, this variability may lead to an unpredictable variability in
efficacy — between, and potentially within, studies.

It has also been suggested that cryopreserving MSCs and then
administering the cells immediately post-thaw may impair their
functionality (66). However, the same approach has been used in
the majority of clinical trials involving allogeneic MSCs, many of
which have generated positive results.

A number of groups have attempted to circumvent the
challenges associated with inter-donor variability and extensive
MSC expansion using novel manufacturing approaches. One
such approach is to generate an MSC bank from pooled bone
marrow donations from multiple donors. There is evidence that
this approach, known as the “MSC-FFM” method, can facilitate
consistency within an MSC bank, with encouraging clinical trial
results (40). By pooling donations, a larger quantity of MSCs can
be produced compared to a single-donor bank with a similar
level of expansion. However, based on the upper end of the dose
regimen range used in the initial clinical trial, we calculate that
each bank would only suffice for the treatment of approximately
175 patients. There is also a need to investigate consistency
between banks produced using this method.

An alternative approach is to rely on pluripotent stem cells
(PSCs) as a starting material for the production of MSCs. PSCs
have the capacity to replicate indefinitely without loss of
pluripotency, in addition to the ability to differentiate into any
adult cell type. This means that a single bank of PSCs has the
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potential to give rise to an effectively limitless number of
therapeutic cells. There are two types of PSCs: embryonic stem
cells (ESCs) and induced pluripotent stem cells (iPSCs). While
both types of PSCs have broadly similar properties, research and
commercialisation of ESC-based therapies has been hampered by
ethical controversy and political/funding constraints. These
issues do not apply to iPSCs, which are derived from adult
cells. The generation of human iPSCs was first reported by two
independent groups in 2007 (73, 74). To illustrate their
enormous self-replication capacity, it has been reported that
even after 107Y-fold expansion in culture, iPSCs retain their
ability to differentiate into all three germ-layers (75). We have
conducted a Phase 1 clinical trial in SR-aGvHD with iPSC-
derived MSCs produced using a proprietary process (CymerusTM,
Cynata Therapeutics Limited) (44). In contrast to processes
reliant on the isolation of primary MSCs from donated tissue,
a single iPSC bank has the capacity to produce 29 million clinical
doses (each containing 1x10° MSCs) using this process, at
current scale. Thus, problems associated with inter-donor
variability would be virtually eliminated. Furthermore, as this
process achieves its scale by expansion at the iPSC stage, and
prior to differentiation of the cells into MSCs, it involves
relatively little expansion at the MSC stage. This is expected to
minimise the type of functional changes that have been observed
after extensive expansion of primary MSCs.

The small number of published studies in chronic GvHD
comprise compassionate use studies or Phase 1/2 clinical trials,
and all have had small sample sizes (n=1-14). Results have been
mixed, with responses of 0-57% (CR) and 0-80% (OR), at
various, and in some cases unspecified, timepoints (34, 39, 47,
50, 51, 56, 57). It is difficult to draw conclusions from this
limited dataset.

As represented in Figure 1, multifactorial effects of MSCs
have been identified, which include transfer of exosomes,
microvesicles and organelles, and paracrine activity mediated
by secretion of immunomodulatory molecules (20-26). In recent
years, it has been suggested that the immunomodulatory effects
of MSCs result in part from apoptosis, and the subsequent release
of apoptotic extracellular vesicles and activation of IDO
production in macrophages (27). In addition to the fact that
MSCs act in numerous different ways, a further complication is
that MSCs target a wide range of cells in vivo. In the context of
GVHD, the target cells fall into two main categories: (i) immune
cells from the host and HSCT donor; and (ii) cells that are
damaged by GvHD, such as cells of the skin, liver and
gastrointestinal tract. It may be that this diverse arsenal of
mechanisms gives MSCs an advantage over more conventional
single-target therapeutic agents, especially against a disease such
as GvHD, which itself is underpinned by complex pathology
involving a multitude of cell types and pathways. However, this
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Graft versus host disease (GVHD) is the major non-relapse complication associated with
allogeneic hematopoietic stem cell transplantation (HSCT). Unfortunately, GVHD occurs in
roughly half of patients following this therapy and can induce severe life-threatening side
effects and premature mortality. The pathophysiology of GVHD is driven by alloreactive
donor T cells that induce a proinflammatory environment to cause pathological damage in
the skin, gastrointestinal (Gl) tract, lung, and liver during the acute phase of this disease.
Recent work has demonstrated that the Gl tract is a pivotal target organ and a primary
driver of morbidity and mortality in patients. Prevention of this complication has therefore
emerged as an important goal of prophylaxis strategies given the primacy of this tissue site
in GVHD pathophysiology. In this review, we summarize foundational pre-clinical studies
that have been conducted in animal models to prevent Gl tract GVHD and examine the
efficacy of these approaches upon subsequent translation into the clinic. Specifically, we
focus on therapies designed to block inflammatory cytokine pathways, inhibit cellular
trafficking of alloreactive donor T cells to the Gl tract, and reconstitute impaired regulatory
networks for the prevention of GVHD in the Gl tract.

Keywords: graft versus host disease, inflammatory cytokines, gastrointestinal tract, translational clinical trials,
allogeneic hematopoietic stem cell transplantation, mouse models

INTRODUCTION

Graft versus host disease (GVHD) is the major non-relapse cause of morbidity and mortality
occurring after allogenic hematopoietic stem cell transplantation (HSCT) (1, 2). GVHD consists of
both acute and chronic phases, which have distinguishing temporal and pathophysiological
characteristics (3-5). Acute GVHD primarily targets the skin, gastrointestinal (GI) tract, lung,
and liver, with the GI tract being the primary target organ that determines subsequent morbidity in
patients (6). Involvement of this tissue site can be attributed to the conditioning regimen that
licenses the gut to release damage (DAMPS) and pattern-associated molecular patterns (PAMPs)
that activate and recruit innate immune cells (7). These cells then lead to the activation and clonal
expansion of alloreactive T cells, which perpetuate a proinflammatory cascade that ultimately results
in pathological damage (8). Ultimately, GVHD in the GI tract can result in protracted immune

Frontiers in Immunology | www.frontiersin.org 87

November 2021 | Volume 12 | Article 779076


https://www.frontiersin.org/articles/10.3389/fimmu.2021.779076/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.779076/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.779076/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:wdrobysk@mcw.edu
https://doi.org/10.3389/fimmu.2021.779076
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.779076
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.779076&domain=pdf&date_stamp=2021-11-26

Rayasam and Drobyski

Translational GI GVHD Prevention Strategies

suppression, infectious complications due to compromised
mucosal integrity, and prolonged hospitalization.
Corticosteroids have long been first line therapy for patients
with acute GVHD in the GI tract as they function to inhibit
inflammatory pathways and cytokine production (9, 10).
However, clinical responses do not occur in all patients as up
to 50% can become refractory to systemic therapy (11). In
addition, corticosteroids have side effects, which can be
disabling and life threatening, including diabetes, infectious
complications, and myopathy (12). For these patients,
secondary agents for steroid resistant disease are much less
effective and mortality is unacceptably high. Thus, prevention
of this complication has emerged as a primary goal in the field in
order to circumvent the need for prolonged immune suppressive
therapy in patients who develop GVHD in this tissue site.
Amelioration of this complication in humans is therefore
dependent upon increasing our understanding of the
pathophysiology of GI GVHD. To unravel pathophysiologic
mechanisms by which this disease is propagated and devise
potentially translatable clinical strategies, animal models,
primarily using mice, have been employed to examine how
dysregulation of the immune system occurs in this setting (7,
13-16). From this work, a number of strategies have been
examined that include the blockade of inflammatory cytokine
pathways, the alteration of T cell trafficking into the GI tract, and
the re-establishment of competent regulatory mechanisms
(Figure 1). In this review, we highlight recent pre-clinical
studies in each of these areas and examine the results from the
subsequent clinical trials that have emerged as a direct
translation of this work in human allogeneic HSCT recipients.

Acute GVHD
Inflammatory
Cytokine Pathway T cell
Blockade Trafficking
(IL-1, TNFa, _I I_ Inhibition
IL-6, IL-23, JAK) (CCRS, 04p7)
Other
approaches
Cellular (A1AT, HDAC
Therapies inhibition,
(Tregs) proteasome

inhibition )

GI Tract

FIGURE 1 | Graphical schematic summarizing the translational strategies for
Gl GVHD prevention.

BLOCKADE OF INFLAMMATORY
CYTOKINE PATHWAYS

Interleukin 1

Interleukin-1 (IL-1) was the first interleukin to be described and
exhibits a myriad of functions that are critical for inflammation.
IL-1, along with 10 other members, comprise the IL-1 super
family since they possess a highly conserved gene structure and
are primarily clustered in a 400kb region of human chromosome
2 (17, 18). While primarily relevant for promoting the activity of
innate immune myeloid cells, IL-1 also plays a key role in the
differentiation of Tyl7 cells (19). The role of IL-1 has been
explored preclinically in several immune-mediated diseases such
as inflammatory bowel disease, asthma, and psoriasis but has
mainly been tested clinically in rheumatoid arthritis with modest
results (20).

McCarthy et al. first demonstrated that IL-1 could be a critical
modulator of acute GVHD in murine studies. IL-1o. was
observed to be elevated in the skin of mice with GVHD and
inhibition of IL-1 signaling with an IL-1R antagonist reduced
GVHD mortality without impairing engraftment (21).
Subsequently, Abhyankar et al. revealed that mRNA levels of
IL-1 transcripts were increased several hundred-fold in GVHD
target organs and also reported that IL-1R antagonist treatment
could reduce mortality (22). Unfortunately, a later study showed
only transient benefits of IL-1R antagonists in a minor antigen-
disparate murine model and no effects in a fully MHC disparate
model (23), suggesting that other pro-inflammatory cytokines
may be able to compensate for deficiencies in IL-1 signaling
during acute GVHD.

More recently, Park and colleagues evaluated the mechanism
for how IL-1 blockade alleviates GVHD severity (24). They
demonstrated that pretreatment of donor cells with an IL-1R
antibody increased the proportion of Tregs to Th17 cells in host
organs. Moreover, they observed decreased numbers of T cells
and improved pathology in the GI tract, implicating a role for IL-
1 in mediating intestinal inflammation during GVHD. In
addition, Jankovic et al. demonstrated that early blockade of
IL-1P as well as genetic deficiency of IL-1R in donor dendritic
cells and T cells both improved GVHD-induced mortality (25).
Correspondingly, immunohistochemical staining with IL-1p of
intestinal biopsies revealed that the density of IL-1f staining
correlated with augmented GVHD grades in patients. Altogether,
these preclinical data suggested that IL-1 antagonism could
improve GI GVHD by influencing donor T cell phenotypes
and infiltration into the gut.

Based on preclinical data indicating that IL-1 inhibition could
be beneficial for GVHD, Antin et al. tested whether treatment
with a recombinant human IL-1 receptor antagonist could be
beneficial for the prevention of acute GVHD in a phase I/II trial.
They observed stage-specific improvements of GVHD in the
skin, liver and particularly the GI tract (82% of patients) as well
as demonstrated that the treatment was safe (26). Another phase
I/IT clinical study also showed improvements in 8/14 GVHD
patients treated with a recombinant human IL-1 receptor
antagonist, but only 33% of patients with GI-tract involvement
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displayed improvement (27). Due to these preliminary results,
Antin et al. performed a larger scale double-blind, randomized,
placebo-controlled study including 186 patients who underwent
allogenic stem cell transplantation. Either IL-1R antagonist or
placebo was given to patients from day -4 to 10 days after
conditioning with cyclophosphamide and total body irradiation.
Disappointingly, they found that there was no statistically
significant difference in the percentage of the patients in the
IL-1R antagonist versus placebo group that developed moderate
to severe GVHD. Furthermore, there was no difference in
hematologic recovery, toxicity, or overall survival (28). Based
largely on these negative results, specific inhibition of IL-1
signaling has largely been abandoned as a therapeutic
approach to prevent GVHD globally and more specifically in
the GI tract.

Tumor Necrosis Factor-Alpha

TNF-0, a pleiotropic inflammatory cytokine involved in the
pathogenesis of rheumatoid arthritis, psoriasis, inflammatory
bowel disease, and cancer also plays a role in acute GVHD.
While TNFo is primarily produced by macrophages and
monocytes during acute inflammation, context-dependent
insults can induce TNFo. to be released by lymphocytes,
endothelial cells and other cell types as well. TNFo signaling
occurs through 2 receptors; TNFRI1, which is ubiquitously
expressed and promotes inflammation and tissue damage, and
TNFR2, which is restricted to a few cell types and responsible for
homeostatic functions (29).

One of the first pre-clinical studies to evaluate the role of
TNFo in GVHD was performed in 1987. Piguet et al. utilized a
semi-allogenic murine model to assess whether administration of
anti-TNFo antibodies eight days after GVHD induction could be
beneficial. This therapeutic approach limited skin epidermal
necrosis, reduced gut epithelial cell damage, and decreased
mortality (30). The authors attributed the inflammatory effects
of TNFa. in the GI tract to be mediated by donor lymphocytes
and potentially due to the increase of Ia expression on the gut
mucosal epithelium. Moreover, pathological analysis revealed
that TNFo induced gut dilatation with marked flattening of the
villi and elevation of the crypts (30). More recent studies have
expanded upon those initial results to help define the
mechanisms of TNF-o during different stages of GVHD.
Schmaltz et al. demonstrated that allogeneic T cells deficient in
TNF induced significantly less morbidity and mortality
compared to control T cells. Moreover, TNF deficiency in
donor T cells induced reduced histological damage in the
lower GI tract (31). Additional mechanistic studies by Stickel
et al. demonstrated that miR-146a regulates the transcription of
TNF levels and that T cells deficient in miR-146a induced
augmented levels of TNF-o. and worsened GVHD severity.
Correspondingly, overexpression of miR-146a in donor T cells
reduced TNFo levels and pathological damage in the small
intestine and colon (32). Collectively, these preclinical studies
provided rationale for utilizing anti-TNF therapies to treat
GVHD patients with GI tract involvement.

Early clinical studies helped to define the kinetics of TNFo
production following GVHD. This work demonstrated that

systemic TNFo. levels were increased during the conditioning
phase (33) as well as early post transplantation (34, 35).
Moreover, Holler et al. demonstrated that augmented levels of
TNFa. preceded complications of bone marrow transplantation
and correlated with the development of acute GVHD symptoms,
indicating that anti-TNFa. therapy could be a promising option
for GVHD prophylaxis.

Administration of infliximab, a chimeric IgG1 monoclonal
antibody which binds to soluble and transmembrane human
TNF-0, has been given to patients for GVHD treatment with
some success (36), but there is limited clinical data on the efficacy
of infliximab for GVHD prophylaxis, particularly in the GI tract.
Hamadani et al. conducted a prospective trial of infliximab for
the prophylaxis of GVHD (37). Infliximab or placebo was
administered one day prior to conditioning, but unfortunately
treated patients exhibited similar incidences of grade II-IV acute
GVHD compared to the control group (both ~36%). Choi et al.
performed a phase II clinical trial at two centers to test whether
etanercept, which is a soluble receptor that binds to both TNFo.
and TNEf, could reduce TNFRI levels, ameliorate GVHD
occurrence and improve survival (38). Surprisingly, etanercept
did not influence TNFR1 levels in patients who received TBI-
based conditioning but was rather effective in patients who
received non-TBI based regiments. Etanercept treated patients
who were not conditioned with TBI exhibited relatively low rates
of grade III or IV GVHD (16%). Moreover, they reported that
lower TNFR1 levels correlated with GVHD mortality.
Unfortunately, this study did not test whether etanercept
ameliorated the severity of GI GVHD. Overall, there have been
only limited and inconclusive data that TNFo targeting strategies
are efficacious for acute GVHD and none evaluating the
prevention of GI GVHD.

Interleukin 6

IL-6 is a pleiotropic cytokine and plays a critical role in
regulating acute and chronic inflammation, hematopoiesis,
metabolic control, and metabolism. IL-6 can be produced by a
variety of cells including fibroblasts, muscle cells, keratinocytes,
monocytes, macrophages, and endothelial cells (39). During
acute inflammation, monocytes and macrophages rapidly
produce IL-6 in response to PAMPs and DAMPs. Moreover,
IL-6 contributes to the differentiation of Tyy17 cells and plays an
integral role in skewing naive T cells towards proinflammatory
phenotypes limiting regulatory T cell (Treg) differentiation.
Several studies have identified a role for IL-6 and members of
the IL-6 superfamily (IL-11, IL-23, IL-27, and IL-31) in
contributing to autoimmune disorders, cancer, and GVHD
(40-42).

Pre-clinical murine studies by Chen et al. demonstrated that
antibody-mediated blockade of IL-6R reduced pathologic
damage associated with GVHD. Specifically, histological
analyses revealed that IL-6R inhibition had a profound effect
on minimizing inflammation within the colon. Mechanistically,
inhibition of IL-6 signaling augmented the generation of Tregs
and correspondingly reduced Ty1 and Ty17 cell expansion (42).
Interestingly, the colon displayed the highest levels of IL-6 and
IL-6R expression after GVHD. Both donor and host production
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of IL-6 appeared to be important as transplantation with IL-6""
recipient or donor mice had no protective effect on GVHD
mortality. While Chen et al. demonstrated the importance of IL-
6 in both the donor and recipient directions, another report
observed that IL-6 deficiency in donor T cells was sufficient to
protect mice from the effects of GVHD (43). The experimental
designs of these studies however differed with respect to
radiation dose, length of IL-6 inhibition, and purity of T cells
in the transplant inoculum. This study also confirmed that
administration of an anti-IL-6R antibody protected animals
from lethal GVHD and reduced pathological damage in the GI
tract, although there was no effect on Treg reconstitution.

Recently, the role of IL-6 during the pathophysiology of acute
GVHD was further defined (44). This study sought to identify
the cell types responsible for IL-6 signaling that perpetuate gut-
associated GVHD. The authors conducted studies in which the
IL-6R was specifically deleted from intestinal cells using Villin-
Cre mice. They observed that this had no effect on acute GVHD
pathology in the GI tract indicating that IL-6R expression in the
GI tract was dispensable. Rather, subsequent experiments
revealed that IL-6 secretion by recipient DCs was critical for
initiating GVHD by way of classical signaling upon interactions
with donor T cells. In fact, deletion of DC produced IL-6
specifically prevented the differentiation of pro-inflammatory
donor Ty17 and Ty22 cells and subsequent damage to the GI
tract. Overall, this study further confirmed a role for IL-6 in acute
GVHD pathophysiology in the GI tract.

Tocilizumab is a humanized monoclonal antibody that binds
to both membrane-bound and soluble forms of the IL-6R and
was initially approved for the therapy of patients with
rheumatoid arthritis (45). Based on preclinical data, studies
sought to determine whether the prophylactic administration
of tocilizumab could prevent the development of lower GI tract
GVHD. To that end, a study from Australia showed that
administration of tocilizumab in addition to standard immune
suppression resulted in a very low incidence of both grades II-IV
(12%) and II-IV (4%) acute GVHD. There was also a low
incidence of GI tract involvement (8%) reported in a
heterogeneous group of patients that included those that
received reduced intensity and myeloablative conditioning
regimens (46). A subsequent phase II trial designed in similar
fashion to that of Kennedy and colleagues also administered a
single dose of tocilizumab as prophylaxis to patients that also
received standard immune suppression. Following treatment
with tocilizumab, only 3% and 6% of patients displayed grade
III-IV acute GVHD by days 100 and 180, respectively.
Importantly, no patient developed lower GI tract disease
within the first 100 days, providing evidence that tocilizumab
was effective for the prevention of GI tract GVHD in
humans (47).

A more recent phase III trial administered standard immune
suppression plus either tocilizumab versus placebo to a
heterogeneous group of patients in Australia. Patients received
either reduced intensity or myeloablative conditioning regimens
followed by transplantation of peripheral stem cell grafts from
matched sibling or unrelated donors. The results of this study
showed a non-significant trend towards improvements in grade

II-IV acute GVHD and acute GVHD-free survival. There were
no statistically significant reductions in moderate to severe
GVHD in any specific tissue sites, including the GI tract,
although there was a trend towards more favorable outcomes
in tocilizumab-treated patients. Limitations of the study were the
lack of a centralized GVHD grading committee across all centers,
the fact that the control group fared much better than in earlier
publications with respect to acute GVHD-free survival, and
concerns that the study was under powered to detect more
modest differences in experimental end points (48).
Collectively, these studies support further research designed to
determine whether blockade of IL-6 signaling is efficacious for
the prevention of GVHD within the GI tract in humans.

Interleukin 23

IL-23 is a pro-inflammatory cytokine that is a member of the IL-
12 family that includes IL-27, IL-35, and IL-39 and is primarily
produced by dendritic cells and macrophage/monocyte
populations. IL-23 regulates T cell and natural killer cell
responses as well as induces the differentiation of Ty1 cells and
prolongs their survival. IL-23 shares a p40 subunit with IL-12 but
also has a unique pl9 subunit as well. Members of the IL-12
family have been demonstrated to play a pro-inflammatory role
in autoimmunity as well as bacterial and parasite-induced
infections (49).

With respect to GVHD pathophysiology, several reports have
identified that inhibition of IL-23 signaling with either antibody-
based or genetic strategies reduces the severity of GVHD without
compromising GVL effects in murine transplantation models.
Importantly, these studies demonstrated that there was
preferential protection from pathological damage within the GI
tract (50, 51). These findings indicated that IL-23 has an
important organ-specific role within the context of a systemic
inflammatory disorder. More recently, additional studies
demonstrated that blockade of the IL-23 receptor (IL-23R) by
either antibody or genetic approaches also reduced overall
GVHD mortality and protected animals from pathological
damage in the GI tract (52). This was attributable to a
population of CD4" IL-23R" T cells that directly mediated
tissue damage. Further examination uncovered a subset of
CD4" T cells that not only co-expressed the IL-23R but also
express the beta 2 integrin CD11c and gut homing molecules
047 and CCRY. These cells constituted a colitogenic CD4" T
cell population that possessed an innate-like gene signature,
suggesting that these cells serve as an important bridge
between the innate and adaptive arms of the immune system
and are positioned to mediate early inflammatory events. More
recently, Bastian et al. confirmed that IL-23R alpha was required
for the induction of GVHD development and that absence of IL-
23R signaling in both CD4" and CD8" T cells resulted in a
decrease in the production of GM-CSF and IFN-v in the GI tract,
further corroborating the importance of IL-23 signaling during
acute GVHD (53).

From a translational perspective, ustekinumab which blocks
the common p40 subunit shared by IL-12 and IL-23 has been
administered to allogeneic HSCT recipients to prevent GVHD.
In a randomized, blinded, placebo-controlled trial, Pidala and
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colleagues demonstrated that ustekinumab was effective in
suppressing IL-12/IL23p40 levels and reducing the levels of IL-
17 and IFN-alpha. However, ustekunimab-treated patients had
no difference in the incidence of grades II-IV acute or chronic
GVHD, and there was no specific protective effect noted in the
GI tract (54). Another follow-up randomized trial to address this
question and determine whether this antibody can prevent
GVHD has recently opened (NCT04572815). While there have
not been any published studies that examined whether selective
blockade of IL-23 can mitigate the severity of GVHD, a phase I-1I
clinical trial utilizing the p19-specific antibody tildrakizumab is
currently under way (NCT04112810).

Janus Kinase Inhibition

The JAK-STAT pathway involves a family of intracellular
tyrosine kinases that regulate the function of key inflammatory
cytokine signaling pathways (55). This family includes four JAK
and seven STAT proteins which together respond to cues outside
of the nucleus to ultimately facilitate transcription of immune-
related genes responsible for regulating inflammation (Aaronson
et al., 2002 Science).

Several preclinical studies have demonstrated a role for JAK-
STAT signaling in mediating cytokine release and inducing
GVHD target organ damage (56-58). For example, Ma et al.
showed that abrogating JAK/STATI signaling in donor T cells
could ameliorate GVHD and that transplantation of Statl-
deficient donor cells resulted in enhanced protection in the
small intestine and colon (57). Subsequent studies
substantiated that work by demonstrating that pharmacological
inhibition of JAK1/2 with ruxolitinib could reduce GVHD while
preserving graft versus tumor responses (59, 60). Carniti and
colleagues observed that ruxolitnib improved overall survival and
reduced pathological damage in target organs that included the
small and large intestine. Protection in the GI tract was
attributable to a reduction in T cell and macrophage
infiltration that was due, in part, to reduced CXCR3 expression
on allogeneic T cells (60).

Other JAK inhibitors have also been utilized in pre-clinical
studies to prevent acute GVHD. Choi et al. administered
baricitinib, a selective inhibitor of JAK1 and JAK2, and
demonstrated that this agent could prevent GVHD by
expanding the Treg pool and downregulating CXCR3
expression on Tyl and Ty2 cells (61). Interestingly, baricitinib
was superior to ruxolitnib in preventing GVHD-induced
mortality. More recently, Sun and colleagues utilized a highly
selective JAK1 inhibitor (SHR0302) (62) and demonstrated
improved overall survival when compared to vehicle treated
controls (63). SHR0302 also reduced the infiltration of
immune cells into the GI tract through reduction of CXCR3
expression on donor T cells as well as mitigated the release of the
proinflammatory cytokines, IL-6, IFN-y, and TNF-o..

Cumulative preclinical work and the success of JAK inhibitors
as salvage therapy for GVHD treatment in patients (64, 65)
ultimately led to the FDA approval of ruxolitnib for the
treatment of steroid refractory acute GVHD (66). This success
has also been the impetus for clinical trials designed to assess
whether JAK inhibition could be successful for GVHD

prophylaxis. To that end, a recent trial revealed that the JAK1
inhibitor itacitinib was well tolerated and displayed efficacy in
steroid refractory acute GVHD (67). Consequently, there are
now several ongoing trials designed to examine the efficacy of
itacitinib for acute GVHD prophylaxis (NCT04339101),
(NCT03755414) and (NCT04859946). Results from these trials
should help delineate whether JAK targeting strategies are
efficacious for acute GVHD prophylaxis and if administration
of this class of agents prevents pathological damage in the
GI tract.

INHIBITION OF T CELL TRAFFICKING
CCR5

Trafficking of donor T cells into the GI tract and the
establishment of tissue residency have been shown to be
critical events in the pathophysiology of GVHD in this tissue
site (68). Consequently, strategies to prevent donor T cell
trafficking into the GI tract have been examined as an
approach to mitigate pathological damage. CCR5 is a
chemokine primarily expressed on the surfaces of T cells, NK
cells, and macrophages. It facilitates immune cell trafficking
through the cognate ligands CCL3, CCL4 and CCL5, which
can be expressed in inflammatory sites. Several studies have
identified that CCR5 facilitates migration of memory CD8 T cells
during viral infections (69, 70), Tregs in tumor progression (71),
and NK cells in murine models of hepatitis (72).

In transplantation studies, Murai et al. demonstrated in a
parent to F1 model that disrupting a gene encoding CCR5 could
prevent the recruitment of donor T cells into Peyer’s patches
(PPs) and reduce acute GVHD. They concluded that donor
cytotoxic T cells utilize CCR5 to enter the gut and that the PP is
an essential site for initiating GVHD (73). Conversely, Welniak
and colleagues showed that transplantation of CCR5 knockout
donor cells into lethally irradiated MHC-mismatched recipients
increased T cell produced IFNy and TNFa in the GI tract and
induced pathological damage in the gut (74). In a subsequent
study, Wysocki et al. identified a critical role for CCR5
expression on donor CD4" CD25" Tregs. Specifically, CCR5
expression on donor Tregs seemed to be essential for entry into
the lung, liver, spleen, and mesenteric lymph nodes (75).
Collectively, these results suggest that the role of CCR5 during
GVHD appear to be model and perhaps cell dependent.

Reshef et al. examined the effect of the CCR5 antagonist,
maraviroc, on lymphocyte function and chemotaxis in vitro as
well as performed a phase 1/2 study on 38 high-risk patients who
received standard immune suppression along with maraviroc as
GVHD prophylaxis (76). They observed that maraviroc inhibited
lymphocyte chemotaxis and noted a low incidence of grades II to
IV acute GVHD (15 and 24% on days 100 and 180, respectively).
Only 9% of patients developed GVHD in the GI tract within the
first year. Moy et al. also demonstrated that maraviroc treatment
resulted in a lower incidence of acute GVHD and reduced levels
of the gut-specific marker Reg3a, which is associated with
epithelial integrity (77). More recently, Reshef et al. performed
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a subsequent phase II trial to examine the efficacy of an extended
course of maraviroc in 37 patients. They found that the rate of
grade II-1V acute GVHD was 22 + 7% and the grade III-IV acute
GVHD was 5 + 4% at 180 days, while noting that GVHD of the
GI tract was uncommon (78). They concluded that compared to
the prior short-course treatment study, an extended course of
maraviroc could result in significantly higher GVHD-free,
relapse-free survival. The requirement for an extended course
of maraviroc suggested that more prolonged inhibition of CCR5
signaling might be required for durable prevention of GVHD of
the GI tract. Despite those promising clinical results, however, a
recent trial evaluating maraviroc for GVHD prophylaxis did not
demonstrate superior protection from acute GVHD when
combined with standard immune suppression. Specifically,
Bolanos-Meade et al. conducted a randomized phase II trial in
which one of the arms examined the efficacy of maraviroc,
tacrolimus and methotrexate as GVHD prophylaxis (79). This
studied revealed that there was no difference in the incidence of
grade III or IV acute GVHD or overall survival in these patients
when compared to those treated with tacrolimus and
methotrexate alone, which represented the control group.
Whether a more extended course of maraviroc could be
required to achieve GVHD prophylaxis in the GI tract in some
patients has not been formally examined in a randomized setting.

o4p7 (Lymphocyte Peyer Patch
Adhesion Molecule)
Lymphocyte Peyer patch adhesion molecule (LPAM), also
known as 047 integrin, is responsible for homing into gut-
associated lymphoid tissue. When expressed on T lymphocytes,
04P7 integrin licenses cells to bind to mucosal addressin cell
adhesion molecule (MAdCAM), which is chiefly expressed on
high endothelial venules of mucosal lymphoid organs as well as
intestinal lamina propria (80). Given the importance of this
ligand/receptor interaction, numerous investigators have
explored the role of 04B7 integrin in propagating GVHD,
particularly with regards to inflammation in the GI tract.
Several pre-clinical studies have been conducted to examine
the role of 0437/ MAdACAM in the pathophysiology of GVHD.
Petrovic et al. showed that transplantation of allogeneic ci4f7 '~
T cells resulted in significantly reduced GVHD-induced
mortality compared to wild type T cells which was attributed
to delayed homing to the intestines and liver (81). In addition,
Waldman et al. also explored the role of 04f7 in GVHD by
transplanting 7-deficient allogeneic T cells into conditioned
mice. Despite B7-deficient T cells having intact activation,
proliferation, cytokine production, and cytotoxicity, they
induced less GVHD morbidity and mortality compared to wild
type T cells due to their inability to traffic to the liver and the gut
(82). Utilizing an MHC-mismatched murine transplantation
model, Dutt and colleagues demonstrated that genetic deletion
of 04B7 integrin alone was insufficient to protect mice from
lethal GVHD; but rather the deletion of both 0437 and CD62L
together were required to protect mice from GVHD (83). This
study suggests that 047 and L-selectin may have additive effects
in influencing T cell homing to the gut. Another report

demonstrated that inhibition of MAdCAM-1 reduced the
recruitment of donor CD8" T cells into the intestine and
alleviated GVHD by limiting intestinal injury (84). They also
demonstrated that delayed administration of an anti-MAdCAM-
1 antibody reduced intestine-infiltrating 047" CD8" T cells
without compromising anti-leukemic effects. Collectively, these
studies indicated that both CD4 and CD8 cells utilize 04B7
integrin to enter the GI tract during GVHD. Recent work by Fu
and colleagues utilized 3D imaging to visualize intricate
allogeneic T cell spatial localization within the GI tract
following GVHD (85). These data demonstrated that intestinal
stem cells were the primary target of alloreactive donor T cells.
Moreover, they demonstrated that this process is dependent on
7 integrin and MAdCAM-1 interactions as inhibition with anti-
MAdCAM-1 antibody reduced donor T cell invasion into the
lower crypt regions of the mucosa and attenuated GI
tract damage.

In clinical studies, Chen et al. examined the peripheral blood
of patients with symptoms of acute GVHD before treatment
(86). The collected samples were subcategorized into three
groups: intestinal GVHD, skin GVHD, and no GVHD.
Interestingly, they reported that patients with intestinal GVHD
had a significantly higher percentage of 047 integrin-expressing
memory CD8" T cells (7.7%) compared to patients with skin
GVHD (1.3%) and no GVHD (1.0%). 047 was not differentially
expressed on any CD4" or CD8" T cell subsets that were
analyzed. Therefore, this study highlights the importance of
0437 expression on CD8" T cells particularly for propagating
human GVHD symptoms within the gut.

Vedolizumab, a monoclonal antibody that binds to 047, has
been approved for treatment of ulcerative colitis and Crohn’s
disease and, more recently, has been examined as a treatment for
steroid refractory GI GVHD with variable results (87, 88).
Danylesko et al. retrospectively analyzed the efficacy of
vedolizumab in 29 patients from three transplant centers, 24 of
which displayed histopathology associated with gut GVHD (89).
An overall response rate of 79% was observed with 28% of
patients having a complete response, despite treatment being
administered mainly as second- or third-line therapy. Notably, a
large percentage (69%) of patients who received early
administration of vedolizumab were able to have
immunosuppression discontinued altogether, supporting the
premise that vedolizumab was most effective for patients with
steroid refractory severe GI GVHD when administered soon
after onset. Recent findings from Mehta et al. substantiated this
conclusion that early treatment with vedolizumab for GVHD
may be necessary for optimal results as vedolizumab treatment as
a secondary or tertiary treatment for grade III of IV patients who
were refractory to ruxolitinib, displayed minimal response rates
(90). More recently, Floisand et al. conducted another clinical
trial to evaluate the efficacy of vedolizumab for steroid refractory
intestinal GVHD and observed a response rate in over two-thirds
of participants (91). Unfortunately, the study did not evaluate
GVHD prophylaxis and had to be discontinued prematurely as
vedolizumab did not meet the primary efficacy endpoint at
28 days.
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These data demonstrate that delayed 047 inhibition has limited
efficacy for the treatment of acute GVHD patients who are steroid
refractory. This could be due to the fact that there are multiple
trafficking mechanisms employed by allogeneic T cells that
contribute to lower GI tract damage, or that pathological damage
facilitated by T cell entry into the gut occurs rapidly after transplant
and may be dispensable at later time points. Cumulatively, these
data suggest that earlier intervention may be necessary and that
vedolizumab may be better suited as a preventive therapy rather
than as steroid-refractory secondary treatment for gut-associated
acute GVHD. To that end, there is currently a trial evaluating the
efficacy of vedolizumab for acute GVHD prophylaxis
(NCT03657160). This trial will assess the effect of vedolizumab on
decreasing the incidence of Gl-acute GVHD and acute GVHD-
induced mortality 6 months after transplant. Results from this study
will help to determine whether administration of vedolizumab could
be appropriate for GI GVHD prevention.

CELLULAR THERAPY

Regulatory T Cells

Regulatory CD4" T cells are immunosuppressive lymphocytes that
express high levels of the IL-2 receptor alpha-chain CD25, as well
as the fork-head box transcription factor, Foxp3 (92). Natural
Tregs (nTregs) arise in the thymus and comprise a small
percentage of the total CD4" T cell population that is present in
the periphery. These cells are responsible for maintaining immune
homeostasis and promoting tolerance to self-antigens to prevent
autoimmunity (93). Due to their low frequency, it can be difficult
to obtain high numbers of nTregs. However, Tregs can also be
induced (iTregs) in the presence of TGF-B and IL-2 from
conventional CD4" T cells and have been employed to mitigate
inflammation caused by effector T cells (94, 95). While it remains a
challenge to maintain the immunosuppressive functions of iTregs
in vivo, the relative ease of expansion and potent anti-
inflammatory properties have generated interest in elucidating
their potential therapeutic role for GVHD (96).

Taylor et al. performed experiments to deplete CD4" CD25"
before allogeneic T cell transfer and to deplete Tregs in vivo by
administering a CD25-depleting antibody (97). Both depletion
strategies increased allogeneic T cell mediated GVHD. Moreover,
transplant of cultured CD4" CD25" cells with allogeneic T cells
before transplant significantly inhibited lethal GVHD in vivo.
Subsequently, they demonstrated that high levels of L-selectin on
Tregs were required for them to inhibit allogeneic T cell
responses and limit GVHD (98). Importantly, Tregs that
prevented GVHD did not interfere with GVL effects (99).
Tawara et al. identified that IL-10, the major anti-
inflammatory cytokine produced by Tregs, did not prevent
disease or pathology in the gut when administered
exogenously, but that Treg-derived IL-10 was able to induce GI
protection and improve mortality (100). Moreover, they
demonstrated that host APCs are required to facilitate the
expansion of donor regulatory IL-10 producing T cells during
GVHD and yield benefits in the GI tract (101).

Brunstein et al. conducted a study in which they enriched
CD4" CD25" Foxp3" cells from umbilical cord blood before
transplantation into 23 acute GVHD patients (102). They
observed that patients treated with these cells had reduced
levels of grade II-IV GVHD patients compared to those that
did not receive Treg therapy (43% versus 61%). The same group
performed a similar study that resulted in only 9% of treated
patients developing grade II-IV acute GVHD at 100 days
compared to 45% in control patients. Contemporaneously, Di
Tanni and colleagues evaluated whether infusion of donor CD4"
CD25" Tregs could prevent acute GVHD in patients who
received haploidentical transplants (103). Strikingly, of the 28
patients who received transplants, 26 achieved engraftment and
only two developed grade III or IV GVHD. Unfortunately,
neither of these studies analyzed organ-specific effects.

More recently, Meyer et al. performed a phase I/II study to
test whether administration of human leukocyte-matched Tregs
with CD34-selected hematopoietic cells and conventional T cells
could prevent acute GVHD in patients undergoing myeloablative
HCTs for hematological malignancies (104). They reported that
of the 12 patients who received highly pure cryopreserved (n=>5)
or fresh (n=7) Tregs (<90%), only two acquired grade III or IV
GVHD, with only one developing GI GVHD. Interestingly, none
of the seven patients who received fresh Tregs developed acute or
chronic GVHD, suggesting that fresh cells may be more
efficacious for transplant. While findings from this trial are
promising, the small number of patients in this study make it
difficult to draw meaningful conclusions. Notably, the same
group has a follow up trial underway that should involve more
patients (NCT04013685).

Macmillan performed a phase I study to determine the safety
and efficacy of induced Tregs (iTregs) on GVHD prophylaxis in
adults with high-risk malignancy (105). They reported that
iTregs could be safely infused into the adults and circulated for
up to multiple weeks. Only three out of 14 patients developed
acute GVHD with one experiencing grade IV lower GI
involvement following transplant. Moreover, they found that
11% of the iTregs were CD103", which is noteworthy given that
CD103 is an integrin that is associated with gut homing in T
cells. While these trials show some promise, optimizing the
ability of Tregs to maintain their functions in vivo under
inflammatory conditions and improving their gut-homing
capabilities will be critical for preventing GI tract acute
GVHD. Currently there is an active phase I trial to administer
ex-vivo expanded donor regulatory cells for the prevention of
acute GVHD (NCTO01795573). This trial is designed to co-
culture recipient dendritic cells and donor Tregs prior to
allogeneic stem cell transplantation to determine whether the
incidence of acute GVHD is reduced.

OTHER APPROACHES

a1-antitrypsin
ol-antitrypsin (A1AT), is a protease inhibitor produced by the
liver and can inactivate serine proteases produced by myeloid
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cells and suppress their ability to produce pro-inflammatory
cytokines. Pre-clinical studies have been performed which have
revealed unique mechanisms for how AIAT influences acute
GVHD. Marcondes et al., 2011 showed that A1AT could mediate
protection by first demonstrating that it suppresses IL-32 and T
cell proliferation in vitro (106). Utilization of an MHC-minor
antigen model revealed that A1AT reduced several inflammatory
cytokines including IL-1B and TNFo. This decrease in
inflammatory cytokines resulted in a reduction in interstitial
gastritis, crypt loss, and apoptosis in the duodenum, which
ameliorated GVHD-induced mortality.

With respect to GVHD prevention, Gergoudis et al.
performed a biomarker-guided preemptive study examining
whether administration of A1AT could reduce the incidence of
GVHD in patients deemed to be at high risk for steroid-resistant
complications (107). Thirty patients that were identified as high
risk for steroid refractory acute GVHD determined by a
composite risk score that included measurement of Reg3o. and
ST2. Prior data have shown that these biomarkers in particular
are predictive for the development of GI GVHD, making them
surrogate candidates for prophylactic intervention. Results
from this study were comparatively analyzed against a
contemporaneous historical control population that did not
receive A1AT therapy. Unfortunately, this study revealed that
there was no reduction in GVHD incidence compared to the
control group, indicating that A1AT administration had no
impact on preventing the emergence of steroid refractory
GVHD. Overall, while there has been some evidence that
AIAT therapy could be beneficial for steroid resistant acute
GVHD treatment (108), there have been no strict prophylaxis
studies that have proven that A1AT can prevent GVHD arising
in the GI tract.

Histone Deacetylase Inhibition

Histone deacetylases (HDACs) play a key role in regulating gene
transcription by acting as transcriptional repressors to remove
acetyl groups and promote chromatin condensation (109).
HDAC inhibitors are chemical compounds that irreversibly
block the action of HDACs to uncoil condensed chromatin
and allow for post-translational modifications of genes. In
particular, HDAC inhibitors have been demonstrated to play a
role as antitumor agents by inducing cell cycle arrest and
apoptosis (110). Moreover, HDAC inhibitors have been
utilized to treat various neurodegenerative diseases (111), to
improve depressive behaviors and stabilize epileptic events
(112). Recently, HDAC inhibitors have been highlighted for
their ability to alleviate inflammation within the
gastrointestinal tract (113) due to their ability to quell NF-xB-
mediated cytokine release (114) and promote epithelial
regeneration (115). Due to these properties, HDAC inhibition
has been explored as a therapeutic strategy for ameliorating GI
GVHD both preclinically and clinically (116-118).

Reddy and colleagues were the first to evaluate whether the
HDAC inhibitor suberoylanilide hydroxamic acid (SAHA) could
improve GVHD-induced morbidity and mortality in an MHC-
mismatched murine model of the disease (119). They demonstrated
that SAHA could reduce serum levels of proinflammatory cytokines

TNFa, IL-1B, and IFN-y. Moreover, SAHA limited severe villous
blunting, crypt destruction and inflammation in the small intestine
that was observed in vehicle treated mice, which resulted in
improved survival. Importantly, these benefits did not seem to
compromise GVL effects as they identified HDAC inhibitors as
novel therapeutic agents for GVHD. A subsequent study performed
by Reddy et al. expanded upon the mechanism of HDAC inhibition
for GVHD by reporting that pretreatment of DCs with HDAC
inhibitors could reduce TLR-mediated secretion of
proinflammatory cytokines, increase indoleamine 2,3-dioxygenase
(IDO) and suppress activation markers CD40 and CD80 (120).
Furthermore, injection of DCs cells ex vivo with HDAC inhibitors
before transplant was sufficient to protect mice from GVHD. These
findings illustrate the prominent role HDACs play in regulating DC
function to aggravate intestinal damage associated with GVHD.
Another group corroborated the benefits of HDAC inhibition for
GVHD by elaborating on its mechanism for protection of GVHD
mice (56). Leng et al. identified that SAHA could limit GVHD-
induced mortality by limiting TNFo. and IL-1 levels through the
phosphorylation of STAT1 in the liver and spleen. Whether or not
HDAC inhibition-mediated prevention of STAT1 phosphorylation
is an important mechanism for protecting the GI tract during
GVHD was not evaluated.

The pre-clinical success observed with HDAC inhibition laid the
foundation for testing whether this therapy could be beneficial for
GVHD prophylaxis. Choi et al. performed a phase I/II trial to
evaluate whether the HDAC inhibitor, vorinostat, could reduce the
incidence of GVHD if administered 10 days before transplantation
until day 100 in patients with high-risk hematological malignant
disease who received stem cell grafts from matched related donors
after reduced intensity conditioning (121). They found that
vorinostat, in addition to standard GVHD prophylaxis was both
safe and reduced the incidence of grades II-IV GVHD (22%) by day
100 compared to historical controls. However, of the patients that
developed GVHD, most of them were reported to have GI GVHD.
A second trial by the same group tested whether vorinostat, along
with standard prophylactic agents, could prevent acute GVHD in
recipients of unrelated stem cell grafts that received myeloablative
conditioning (122). This study also identified that vorinostat was
safe and resulted in grade II-IV GVHD occurring in 22% of
patients, with only 8% exhibiting grade III-IV GVHD. Moreover,
they performed correlative analyses in PBMCs from these patients
to find that IL-6, Reg30., and ST2 (all markers associated with GI
GVHD) correlated with reduced GVHD in patients at day 30 after
transplant. This study also revealed that only 11% of patients
displayed GI GVHD at day 100. Together, these trials provide
evidence that vorinostat has promise for the prevention of GVHD
in the GI tract.

A second HDAC inhibitor, panobinostat, was recently
evaluated both in a phase I trial for GVHD treatment (123)
and in a phase II trial for GVHD prophylaxis (124). In the
prophylactic trial, intervention with panobinostat began at -5
days before transplant and was continually administered for 28
weeks in patients with acute myeloid leukemia (n= 18),
myelodysplastic syndrome (n = 13) and other malignancies
(n = 8). The cumulative incidence rate of grade II-IV acute
GVHD at 100 days was only 18.4% and the one-year overall
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survival was 89.5%. Importantly, of the patients who developed
acute GVHD and received the full treatment of panobinostat,
none developed greater than grade I GI GVHD. In addition, they
observed a decrease in plasma IL-6 levels in treated patients at
day 90 compared to controls but did not witness any differences
in Reg3o. and ST2 at day 28, unlike the vorinostat study. Overall,
reports from clinical trials utilizing vorinostat and panobinostat
indicate that HDAC inhibition could be an appropriate
preventative strategy for GI tract GVHD.

Proteasome Inhibition

Proteasomes are large catalytic protein complexes that cleave and
degrade misfolded, damaged or erroneous proteins into peptides
(125). They can also play a role in inducing activation of NFxB-
dependent signaling pathways that are responsible for preventing
apoptosis and promoting the release of proinflammatory
cytokines. Due to these capabilities, unregulated proteasome
activity has been demonstrated to correlate with the severity of
autoimmune diseases and cancer (126). Proteome inhibitors
have been demonstrated to be effective as anti-tumor agents
(127) and to reduce NFkB —-mediated inflammation in models of
psoriasis (128) and asthma (129) as well. For these reasons, there
has been interest in investigating whether proteasome inhibition
could be efficacious for GVHD prophylaxis.

Bortezomib, a boronic acid dipeptide derivative, was the first
proteasome inhibitor to be approved by the US Food and Drug
Administration (FDA) in 2003 (130) and was initially clinically
approved as a therapy for multiple myeloma patients due to its
growth-inhibitory and anti-apoptotic effects (131). Sun and
colleagues performed seminal experiments to test whether
bortezomib could have prophylactic effects for acute GVHD (132).
They found that bortezomib could promote the apoptosis of
alloreactive T cells in vitro and protect mice from acute GVHD in
vivo without adversely affecting donor reconstitution when
administered at the time of transplant. Subsequently, Vodanovic-
Janovic et al. evaluated whether administration of bortezomib could
protect mice from GVHD (133). They reported that early post-
transplant therapy with bortezomib improved GVHD-free survival
without compromising donor engraftment; however, extended
administration of bortezomib exacerbated pathological damage in
the colon and resulted in early mortality due to gut toxicity. This study
indicated that while early post-transplant proteasome inhibition may
be beneficial, more protracted administration exacerbated GVHD-
induced immune-mediated damage in the GI tract.

Sun et al. corroborated these findings and demonstrated that
prolonged bortezomib administration increased serum levels of
TNFo and IFNYy in multiple murine models of GVHD and led to
early mortality (134). The detrimental effect of bortezomib on
allogenic T cells appeared to be CD4 mediated and TNFa
dependent as mice transplanted with TNFo deficient donor
CD4 T cells were resistant to the toxic effects of bortezomib.
More recently, Li and colleagues (135) reported that early doses
of bortezomib on days 0 and 1 after transplant prevented
pathological damage in the GI tract and improved survival.
This benefit corresponded with decreased serum levels of IL-2,
TNFo and IFNY. Overall, these preclinical studies indicated that

bortezomib administration could protect the GI tract from
GVHD but that this was schedule dependent.

Based on preclinical results indicating a protective role of
bortezomib administration for acute GVHD, Koreth and
colleagues conducted a phase I/II trial to test whether a short
course of bortezomib could be an applicable intervention for
GVHD prophylaxis following transplantation from HLA-
mismatched unrelated donors for patients with hematologic
malignancies (136). Of the patients who were given
bortezomib, 22% displayed grade II to IV acute GVHD at day
180 and importantly, these patients did not experience
augmented GI toxicity. Two subsequent phase II trials were
performed by Koreth and colleagues to evaluate the prophylactic
effects of bortezomib on GVHD. The first involved
administration of short-course bortezomib for patients who
underwent myeloablative conditioning and included both
HLA-matched and HLA-mismatched donors (137).
Bortezomib was effective in generating a low incidence of
grade II to IV acute GVHD involving the skin, liver and/or
lower GI tract with only 12% of patients displaying grade III to
IV acute GVHD. The second was an open-label three-arm phase
II randomized control trial in patients who received reduced
intensity conditioning and allogenic transplants lacking HLA-
matched donors (138). Unfortunately, this trial reported that
bortezomib-based regimens did not lower GVHD incidence
compared to control regimens. A more recent phase II
randomized trial compared multiple interventions, one
including bortezomib in addition to standard
immunosuppression, to evaluate its role in GVHD prophylaxis,
which involved both HLA-matched and HLA-mismatched
donors (79). Similarly, this study demonstrated that
bortezomib had no beneficial effect on reducing the incidence
of grades II-IV acute GVHD when compared to standard
immune suppression alone. While none of these studies
specifically examined the GI tract for organ-specific protective
effects, the lack of any overall reduction in acute GVHD argues
against any protective effect in this tissue site.

CONCLUSIONS

The GI tract is the major site of morbidity and mortality associated
with the development of acute GVHD. Unfortunately, a significant
percentage of patients fail to respond to first line therapy with
corticosteroids and require second line therapy for steroid refractory
disease. Outcomes for these patients is significantly worse and a
substantial proportion of these patients ultimately do not respond to
salvage therapy. In addition, patients who develop GI GVHD often
require hospitalization and are at risk for secondary infections due
to compromised epithelial barrier integrity, which adversely impacts
quality of life and can also result in premature fatality.
Consequently, prevention of this complication, particularly within
the GI tract, is critically vital to improve overall treatment outcomes
and should be a primary goal of GVHD prophylaxis strategies.

To that end, preclinical studies have identified that inhibition of
inflammatory cytokine pathways, blockade of gut homing
molecules that are expressed on the surface of alloreactive donor
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T cells, and reconstitution of regulatory pathways as potential
therapeutic strategies that have shown promise and led to
translation in human clinical trials. Unfortunately, many of these
strategies, while promising in animal studies, have not translated
well into the clinic. Reasons for this are not entirely clear but are
likely multifactorial and related to limitations of mouse models that
do not fully replicate the complexity of human allogeneic stem cell
transplantation with respect to recipient age, stem cell source,
conditioning regimen intensity, and MHC disparity which all
impact GVHD severity. In other cases, some of these approaches
have only recently entered clinical trials for GVHD prophylaxis
(e.g., blockade of 04f7 integrin and IL-23 signaling) so the verdict
is still out on whether they will be efficacious for prevention of GI
tract GVHD. To date, blockade of IL-6 signaling, administration of
Treg infusions, and histone deacetylase inhibition have reported
clinical outcomes in which there appears to be a reduction in GI
tract GVHD; however, definitive data are still lacking with these
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Background: Immunological characteristics of COVID-19 show pathological
hyperinflammation associated with lymphopenia and dysfunctional T cell responses.
These features provide a rationale for restoring functional T cell immunity in COVID-19
patients by adoptive transfer of SARS-CoV-2 specific T cells.

Methods: To generate SARS-CoV-2 specific T cells, we isolated peripheral blood
mononuclear cells from 7 COVID-19 recovered and 13 unexposed donors.
Consequently, we stimulated cells with SARS-CoV-2 peptide mixtures covering spike,
membrane and nucleocapsid proteins. Then, we culture expanded cells with IL-2 for 21
days. We assessed immunophenotypes, cytokine profiles, antigen specificity of the final
cell products.

Results: Our results show that SARS-CoV-2 specific T cells could be expanded in both
COVID-19 recovered and unexposed groups. Immunophenotypes were similar in both
groups showing CD4+ T cell dominance, but CD8+ and CD3+CD56+ T cells were also
present. Antigen specificity was determined by ELISPOT, intracellular cytokine assay, and
cytotoxicity assays. One out of 14 individuals who were previously unexposed to SARS-
CoV-2 failed to show antigen specificity. Moreover, ex-vivo expanded SARS-CoV-2
specific T cells mainly consisted of central and effector memory subsets with reduced
alloreactivity against HLA-unmatched cells suggesting the possibility for the development
of third-party partial HLA-matching products.

Discussion: In conclusion, our findings show that SARS-CoV-2 specific T cell can be
readily expanded from both COVID-19 and unexposed individuals and can therefore be
manufactured as a biopharmaceutical product to treat severe COVID-19 patients.
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One Sentence Summary: Ex-vivo expanded SARS-CoV-2 antigen specific T cells
developed as third-party partial HLA-matching products may be a promising approach
for treating severe COVID-19 patients that do not respond to previous treatment options.

Keywords: COVID19, T cell therapy, HLA sharing, virus specific T cells, viral immunity

INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by the novel
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-
2), has caused significant medical, social, and economic
disruptions worldwide. The recent development of vaccines by
global pharmaceutical companies has brought us a step closer to
eradicating the virus. However, while vaccination can prevent
future infections, there have already been more than 3,025,835
deaths due to the absence of appropriate therapeutic measures,
and this number continues to increase (1). Approximately 20%
of COVID-19 patients develop life-threatening pneumonia,
which requires extensive medical care. An increasing number
of cases, along with a limited number of available intensive care
units and medical teams, has led to a collapse of healthcare
systems in many countries (2).

In this study, we investigated the role of T cell responses in
viral immunity and hypothesized that adoptive T cell therapy
may be a promising and safe approach to combat SARS-CoV-2.
Virus-specific T cells (VST) have been used in the treatment of
various infectious diseases (3). However, the majority of VST
therapies have been focused on latent DNA-virus infections,
especially in the hematopoietic stem cell transplantation setting
(4, 5), instead of acute infections. COVID-19 is a challenging
clinical situation for VST application. COVID-19 is an acute
viral infection associated with pro-inflammatory cytokine storms
that may negatively impact the infused T cells. Moreover, T cells
are more readily expanded in convalescent donors in the
presence of memory T cells and, therefore, the donor-sources
for SARS-CoV-2-specific T cells may be limited. It has been
reported, however, that unexposed healthy individuals contain
cross-reactive T cells against common coronaviruses that may
respond to SARS-CoV-2 (6, 7). Researchers have already
attempted to use VSTs to treat high-risk COVIDI19 patients in
the absence of other effective treatments. These studies have
adopted various T-cell production methods, including culture-
expansion (8, 9) and automatic selection methods (10, 11).
Regardless of the method used, CD4+ T cells, especially type 1
helper T (Thl) cells, dominated over CD8+ T cells in SARS-
CoV-2 specific T-cell immunity (6, 7, 12).

In this study, we aimed to demonstrate the effects of culture-
expanded SARS-CoV-2-specific T cells from both COVID-19
recovered and unexposed individuals. We demonstrated that
these ex-vivo expanded cells were cytotoxic to SARS-CoV-2
protein-expressing target cells and may also exhibit
immunosuppressive properties to inhibit pro-inflammatory
cytokines. We suggest two different clinical applications of
these cells, either as personalized autologous vaccines or as
third-party oft-the-shelf bioproducts.

MATERIALS AND METHODS

Donors

Seven recovered COVID-19 patients, who were treated at Seoul St.
Mary’s Hospital, were recruited for blood donations. Thirteen
randomly selected blood donors, unexposed to SARS-CoV-2, were
also recruited. All donors fulfilled the blood bank eligibility criteria
and were examined for clinical signs of COVID-19, including fever
and respiratory symptoms, in accordance with the hospital’s
quarantine regulations. All donors signed consent forms
approved by the Institutional Review Board of Seoul St. Mary’s
Hospital, and all procedures were performed in accordance with
the Declaration of Helsinki (KC20TSSI0274, KC20TSSI0872).

For recovered donors, individuals who have been quarantined
after confirmation of COIVD-19 or who have received treatment
and met all the release criteria from public quarantine was
defined as recovered. Clinically, individuals did not show fever
and showed improvement in clinical symptoms even without
taking antipyretic drugs. Furthermore, recruited individuals
must have had confirmed negative PCR test results at least
twice at 24-hour intervals. For unexposed donors, individuals
must have no fever or respiratory symptoms and must be SARS-
CoV-2 Ab IgG antibody negative. For both recovered and
unexposed donors the exclusion criteria include those who are
HIV antibody positive, syphilis positive, hepatitis B or C carriers
or actively infected with other serious infections requiring
medical treatment.

We obtained either 50 cc of whole blood or one blood volume
of leukapheresis from each donor. This study was approved by
the Clinical Research Information Service, Republic of Korea,
and registered in the World Health Organization Registry
Network (KCT0005370, KCT0005864). Donor characteristics
are shown in Table 1.

Human Leukocyte Antigen (HLA) Testing

For HLA typing of donors, an aliquot of the peripheral blood was
sent to the Catholic Hematopoietic Stem Cell Bank for analysis.
The sequence-based typing (SBT) method was used as previously
described (13). DNA was extracted from whole blood in
ethylenediaminetetraacetic acid (EDTA)-coated blood
containers. The AlleleSEQR kit (Abbott, Chicago, IL, USA) was
used for HLA Class I and Class II genotyping, according to the
manufacturer’s instructions. Sequencing was performed using
the ABI 3130XL genetic analyzer (Applied Biosystems, Waltham,
MA, USA) with POP 6 polymer for exons 2, 3, and 4 of HLA-A,
B, and C, and for exon 2 and codon 86 for HLA-DRB1. HLA
types were analyzed using SBTengine (Genome Diagnostics B.V.,,
Utrecht, Netherlands), and reanalyzed using Assign SBT v3.5

Frontiers in Immunology | www.frontiersin.org

102

December 2021 | Volume 12 | Article 751869


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kim et al.

SARS-CoV-2 Specific T Cells for COVID-19

TABLE 1 | Donor characteristics.

Donor CcoviD19 Sex/ SARS-CoV2IgG/ CcoviD19 COVID19 treatment used Days to recovery from diag- Days from recovery to
No. Age IgM* severity nosis cell production
1 Recovered F/61 3+/1+ Mild Steroids, Haloxin, Kaletra 23 103

2 Recovered M/61 4+/1+ Severe Steroids, Haloxin, Kaletra 31 90

3 Recovered M/43 1+/- Mild Steroids, Haloxin, Kaletra 14 113

4 Unexposed M/29 -/- N.A N.A N.A N.A

5 Unexposed F/33 -/- N.A N.A N.A N.A

6 Unexposed F/27 -/- N.A N.A N.A N.A

7 Unexposed F/23 -/- N.A N.A N.A N.A

8 Unexposed M/33 -/- N.A N.A N.A N.A

9 Unexposed F/30 -/- N.A N.A N.A N.A

10 Unexposed M/32 -/- N.A N.A N.A N.A

11 Unexposed F/27 -/- N.A N.A N.A N.A

12 Unexposed F/27 -/- N.A N.A N.A N.A

13 Unexposed M/25 -/- N.A N.A N.A N.A

14 Recovered F/58 N.T. Mild Steroids, Haloxin, Kaletra 26 87

15 Recovered  F/60 4+/- Mild Steroids 15 78

16 Recovered M/23 -/+ Mild None Unknown Unknown
17 Recovered M/23 2+/- Mild None Unknown Unknown
18 Unexposed F/29 -/- N.A N.A N.A N.A

19 Unexposed F/64 -/- N.A N.A N.A N.A

20 Unexposed F/39 -/- N.A N.A N.A N.A

N.A, not applicable; N.T, not tested.

*) Test results from SGTi-flex COVID-19 IgM/IgG assay (Sugentech Inc., Korea) were used.

(Conexio Genomics, Applecross, Australia). The HLA types of
donors are listed in Table 2.

Anti-SARS-CoV-2 IgG and IgM Detection
We used different commercial assays according to the
manufacturer’s instructions to detect Anti-SARS-CoV-2 IgG
and IgM. We used SGTi-flex COVID-19 IgM/IgG assay
(Sugentech Inc., Korea), SARS-CoV-2 IgG assay (Abbott,
Chicago, IL, USA), Elecsys Anti-SARS-CoV-2 assay (Roche
Diagnostics, Basel, Switzerland), and ADVIA Centaur SARS-
CoV-2 Total assay (Siemens, Munich, Germany).

TABLE 2 | HLA types of Donors.

SARS-CoV-2 Specific T Cell (SARS-CoV-2
Specific CTL) Generation

To generate SARS-CoV-2 specific CTLs, peripheral blood
mononuclear cells (PBMCs) were isolated using Ficoll gradient
centrifugation. Then, at least 1x10° PBMCs were seeded in an
appropriate well plate or flask, depending on the starting cell
numbers, at a cell density of 1x10” cells/mL. PBMCs were
stimulated with Peptivators for SARS-COV-2 Spike (S),
Membrane (M), and Nucleocapsid (N) (1 ug/mL; Miltenyi
Biotec, Bergisch Gladbach, Germany) proteins. Peptivator is a
pool of lypophilized peptides, consisting of 15-mer sequences

Donor No. HLA-A HLA-B HLA-C HLA-DRB

1 02:01 33:03 55:02 58:01 03:02 03:03 12:01 13:02
2 24:02 26:02 16:07 51:02 03:03 16:02 04:03 09:01
3 11:01 24:02 54:01 54:01 01:02 01:02 04:05 08:03
4 02:01 33:03 15:07 58:01 03:02 03:03 04:03 13:02
5 24:02 30:01 07:02 40:06 07:02 08:01 01:01 08:03
6 24:02 30:01 13:02 40:02 03:04 06:02 07:01 11:01
7 24:02 26:02 51:01 54:01 07:02 14:02 11:01 14:05
8 02:01 02:01 07:02 15:11 03:03 07:02 09:01 15:01
9 24.02 33:03 40:06 44:03 01:02 14:03 09:01 13:02
10 02:06 33:03 44:03 54:01 01:02 14:03 13:02 15:01
11 02:07 24:02 15:11 46:01 01:02 03:03 09:01 09:01
12 02:01 24:02 27:05 40:06 01:02 02:02 14:05 16:02
13 24:02 24:02 15:07 56:01 01:02 03:03 04:03 14:54
14 02:01 11:01 51:01 156:11 03:08 156:02 04:05 14:05
15 02:01 30:01 40:06 44:038 03:03 07:06 0701 14:03
16 24:02 33:03 35:01 44:08 03:04 07:06 04:03 07:01
17 02:01 03:01 13:01 27:05 02:02 03:04 04:05 16:02
18 02:06 30:01 13:02 51:01 06:01 14:02 04:05 11:01
19 24.02 24:01 51:01 54:01 01:02 14:02 04:05 12:01
20 24:02 33:03 44:03 51:01 07:06 14:02 07:01 12:01
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with 11 amino acids overlap, covering the entire sequence of each
protein. Peptivator for Spike protein only covers the
immunodominant sequence domains of the spike glycoprotein.
On the same day, the cells were further stimulated with 50ng/mL
of recombinant human interferon-gamma (rhIFN-y; R&D
systems, Minneapolis, MN, USA). A few days later, the cells
were expanded using 60ng/mL of recombinant human
interleukin-2 (rhIL-2; R&D systems), applied every 3-4 days
for 3-4 weeks. Cells were suspended and maintained in 5%
human serum (Sigma-Aldrich, St. Louis, MO, USA) containing
AIM-V medium (Gibco; Thermo Fisher Scientific, Wilmington,
DE, USA) at 37°C under 5% (v/v) CO,. Cells were later harvested
and cryopreserved for further characterization.

Six out of twenty leukapheresis products were produced at the
cell processing facility of the Catholic Institute of Cell Therapy, at
the Catholic University of Korea, in accordance with good
manufacturing practices (GMPs). The same manufacturing
method was performed using animal-free reagents. On the day
of harvest, phenotypes and functional potencies of the cells were
characterized. The final products were also tested for sterility,
mycoplasma, endotoxins and adventitious viruses.

Preparation of PHA-Blasts

Phytohaemagglutinin (PHA)-induced blasts were prepared from
autologous PBMCs stimulated with PHA (3 ug/mL; Sigma-
Aldrich) and rhIL-2 (25 IU/mL) in 5% human serum
containing AIM-V medium for 3-4 days. For peptide pulsing,
PHA-blasts (1x10”/mL) were harvested and incubated with
CMV pp65 peptivator (Miltenyi Biotec) at a concentration of 2
ng/mL and incubated at 37°C, under 5% (v/v) CO,, for 2 hours.

Immunophenotyping

Immunophenotyping of PBMCs was performed by staining for
various surface-marker combinations using the following
fluorescence-conjugated antibodies: CCR7 (3D12), CD3
(UCHT1), CD4 (SK3), CD8 (SK1), CD14(61D3), CD16
(CB16), CD19 (HIB19), CD45RA (H100), CD45RO (UCHLI),
CD56 (TULY56, CMSSB), CD57 (QA17A04; Biolegend, San
Diego, CA, USA), CD62L (DREG-56), Lag3 (3DS223H), PD-1
(EH-12.2H7; Biolegend), and Tim3 (F38-2E2). All antibodies
were purchased from eBioscience, Inc. (San Diego, CA, USA),
unless mentioned otherwise. Cells were washed once with flow
cytometry staining buffer, pelleted, and antibodies were added
prior to incubation in the dark, at room temperature for 15
minutes. The cells were then washed and analyzed. Flow
cytometry gating strategy for various lymphocytes were first
based on a low forward scatter (FSC) and low side scatter
(SSC) gating of lymphocytes. Then, T cell markers CD3, CD4,
CD8; NK cell marker CD56 were used to identify the major
lymphocyte subsets. Various markers were used to assess
activation, cytokine production, and exhaustion.

Intracellular Cytokine Staining Following
Peptide Stimulation

Expanded cells were stimulated overnight with SARS-COV-2 §,
M, and N peptivators (1 ug/mL each; Miltenyi Biotec). Protein
transport inhibitor containing monensin (BD GolgiStop;

Pharmingen, San Diego, CA, USA) was added in the last 4h of
incubation at 37°C, under 5% (v/v) CO,. Positive controls were
stimulated with cell stimulation cocktails containing phorbol 12-
myristate 13-acetate (PMA), ionomycin, brefeldin A, and
monensin (Invitrogen Corp.; Waltham, MA, USA) while
negative controls were not peptide-stimulated. Cells were first
stained for surface markers: CD3, CD56, CD8, and CD4.
Intracellular IFN-y and TNF-q, IL-2 staining was performed
according to the manufacturer’s instructions for the kit
(eBioscience). Flow cytometry was performed using the BD
Biosciences Fortessa cytometer.

Activation-Induced Marker (AIM) Assay
Expanded cells were stimulated with SARS-COV-2 S, M, and N
peptivator (1 pg/mL each; Miltenyi Biotec). Unstimulated cells
were used as negative controls. Following overnight stimulation,
cells were surface stained for CD3, CD4, CD8, CD56, CD137
(4B4), CD154 (14-21), CD25 (BC96), CD38 (HIT2), CD69
(FN50), and HLA-DR (L243). Flow cytometry was performed
using the BD Biosciences Fortessa cytometer.

Foxp3 Staining for Treg Cell Detection

To detect Treg cells, Foxp3 staining was performed using the
eBioscience Foxp3 staining kit. Expanded cells were stained for
surface markers: CD3, CD25, CD127 (EBioRDR5; eBioscience),
CD4, and CD8. The cells were resuspended in 500 pLL fixation/
permeabilization buffer and incubated for 30 minutes at 4°C, and
then washed in permeabilization buffer. The cells were then
pelleted and incubated with FoxP3 (PCHI10; eBioscience)
antibodies for 30 minutes at 4°C. Flow cytometry was
performed using the BD Biosciences Fortessa cytometer. In
some experiments, the cells were stimulated with peptides
overnight, prior to Foxp3 staining.

Cell Proliferation Assay

To measure alloreactivity and cell proliferation, expanded CTLs
were labeled with CellTrace Cell Proliferation kit (Invitrogen)
according to the manufacturer’s instructions. The SARS-CoV-2-
specific CTLs were incubated with CellTrace CFSE dye for 20
minutes at room temperature in the dark. Cells were then washed
with cell culture medium to remove remaining free dye from the
solution. Labeled cells were pelleted by centrifugation and
resuspended in cell culture medium, and then incubated for at
least 10 minutes before cell stimulation. Carboxyfluorescein
diacetate succinimidyl ester (CFSE) labelled SARS-CoV-2-
specific CTLs were co-cultured for 5 days with allogeneic
PBMCs or non-CD4, HLA-DR+ sorted antigen presenting
cells. Acquisition and analysis were completed using the FACS
Canto cytometer (BD Biosciences).

Cytotoxicity Assay

Flow cytometry-based cytotoxicity assay was performed as
previously described (22). The target cells (1x10°/mL) were
labeled with CFSE in complete culture medium at room
temperature, under 5% CO, for 20 minutes, as per the
manufacturer’s protocols. Target cells (1x10°) were incubated
overnight with the effector cells at different effector:target ratios.
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Prior to flow cytometric acquisition, cells were stained with 7-
Aminoactinomycin D (7-AAD; eBioscience) and cytotoxicity
was evaluated using a FACS Canto cytometer (BD
Biosciences). Target cells were gated on CFSE+ cells and then
examined for cell death by uptake of 7-AAD. The percentage of
effector cell mediated cytotoxicity was then calculated using the
following equation:

Cytotoxicity (%)

_ (Dead target cells( % ) — spontaneous deaths (% )) x 100
B (100 — spontaneous deaths ( %))

ELISPOT Assay

For detection of IFN-y secreting cells, ELISPOT assays were
performed using the BD ELISPOT assay kit, according to the
manufacturer’s instructions. The final T cell products were
serially diluted from 1x10° to 1.25x10" cells/well. SARS-CoV-2
antigen specific activity was measured using SARS-CoV-2 S, M, N
peptivators (1 pg/mL each; Miltenyi Biotec). Each culture condition
was run in triplicate. The number of spots corresponding to IFN-y
secreting cells was counted using an AID-ELISPOT-Reader.

Luminex Multiplex Cytokine Assay
Concentrations of the following immune molecules were
determined using a magnetic bead-based immunoassay:
CD40L, CD137 (4-1BB), CD152 (CTLA4), GM-CSF,
Granzyme B, ICAM-1, IFN-0, IFN-B, IFN-y, IL-1p, IL-1RA,
IL-2, IL-2R, IL-4, IL-6, 7, IL-8 (CXCLS8), IL-9, IL-10, IL-12p70,
IL-15, IL-17A, IL-21, IL-23, perforin, and TNF-o. (Procartaplex;
Thermo Fisher Scientific, Wilmington, DE, USA). Cell culture
supernatant samples were obtained from SARS-CoV-2-specific
CTLs before and after SARS-CoV-2 peptide stimulation. The
median fluorescence intensities of analytes were detected using
the flow-based MAGPIX System (MilliporeSigma, Burlington,
MA, USA). Cytokine concentrations were calculated using
Luminex xPONENT v. 4.2 software, using a standard curve
derived from known reference concentrations supplied by the
manufacturer. A five-parameter model was used to interpolate
the final concentrations. Values were expressed as pg/mL.

Data Analysis

Flow cytometry data were analyzed using FlowJo 9.9.6 (Flow]Jo,
LLC., Ashland, OR, USA). Prism (GraphPad Software Inc., San
Diego, CA, USA) was used for plotting data and statistical
analyses. Data were presented as means + ranges, unless
indicated otherwise. The number of donors was denoted by n.

Statistical Analysis

Data were presented as means + standard deviations (SDs) unless
indicated. Mann-Whitney U test or Student’s t-test were used for
comparison between two groups, while the Kruskal-Wallis test
was used for comparison between multiple groups. Statistical
analyses were performed using the SPSS Statistics software
(version 16.0; IBM Inc.,, Armonk, NY, USA). P-values < .05
were considered significant.

RESULTS

Dominant CD4+ Phenotypes in Ex Vivo
Culture-Expanded SARS-CoV-2 Specific

T Cells Mainly Consisting of Effector
Memory Cells

We collected either 50 cc of peripheral blood, or one blood
volume leukapheresis from both COVID-19 recovered and
unexposed donors. Following isolation, PBMCs were
stimulated with SARS-CoV-2 S, M, and N peptides along with
IFN-y. We then induced cell proliferation by addition of IL-2 and
expanded the cultures for 21 days (Figure 1A). While the
expansion rate varied among individuals, overall expansion
seemed to be more effective in COVID-19 recovered
individuals (range: 1.20-166.50, median: 23.7) compared to
unexposed individuals (range: 0.0129-130, median: 7.8;
Figures 1B, C), but the differences were not statistically
significant. We investigated the immune cell subsets in the
final cell products of COVID-19 recovered and unexposed
individuals (Figure 1D). The cells showed prominent CD3+ T
cell immunophenotype (median: 93.8 and 93.9 in recovered and
unexposed, respectively) with the presence of CD3+CD56+ T
cells (median: 18.5 and 6.07 in recovered and unexposed,
respectively). CD14+ monocytes, CD3-CD56+ natural killer
cells, and CD19+ B cells were either absent or less than 5%
(Figure 1C). There were no significant differences in
immunophenotypes of the final cell products between
recovered and unexposed individuals. Within CD3+ T cells, we
observed slightly higher levels of CD4+ T cells (median 58.6
and 46.3 in recovered and unexposed, respectively) compared to
CD8+ T cells (median: 25.8 and 24.7 in recovered and
unexposed, respectively). We examined the changes in
immunophenotypes before culture, and post-culture on days 4,
7,14, and 21. We observed a decrease in all immune cell subsets
until day 7 of culture, suggesting that cell deaths were not affected
by the added SARS-CoV-2 peptides and cytokines
(Supplementary Figure 1).

Moreover, the memory T cell subtypes of CD4+ and CD8+
in recovered and unexposed individuals showed reduced levels
of CD45RA+CD62L+ naive T cells and increased levels of
CD45RA+CD62L— central memory and CD45RA-CD62L-
effector memory T cells (Figure 1E). Final products from
COVID-19 recovered individuals showed higher central
memory CD4+ and CD8+ T cell levels, compared to
unexposed individuals; however, the differences were not
significant. Final products from unexposed individuals
showed significantly higher levels of CD45RA+CD62L-
terminally-differentiated memory CD4+ T cells, but
comparable CD8+ T cell levels. There was an overall decrease
in naive CD4+ and CD8+ T cells, until there were almost none
present on the day of harvest (Supplementary Figure 1B). On
the other hand, effector memory CD4+ T cells showed a sudden
increase during the last week of culture, accompanied by a drop
in central memory CD4+ T cell levels. For CD8+ T cells,
effector memory and terminally-differentiated effector
memory cells showed a steady increase, but central memory

Frontiers in Immunology | www.frontiersin.org

105

December 2021 | Volume 12 | Article 751869


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kim et al.

SARS-CoV-2 Specific T Cells for COVID-19

200

- -
o o
o o
1 1

50 -
30 1

20

Fold Expansion

10

%(lymphocytes)

100

80

60

%(CDA4+)

40

20

SARS-CoV-2 peptides
IFN-Y L2

i

Harvest

Anaisls

Day 21
0 2 V-
> >,
.00 .05 e,
OOO Q O'O > Og 6
Q
Q Q 5
c
200 n.s
o
§ 150
B °
©
2 100
N}
k=)
S 50- oo
U [ J
—_——
e
0 - *9sds
X Recovered Unexposed
Days in culture
100
A L 4
80- oo ]
60
*kk a
I 40
20
o_
Tn Tem Tem Temra Tn Tem Tem Temra

FIGURE 1 | Characteristics of SARS-CoV-2-specific T cells from recovered (n = 7) and unexposed (n = 13) individuals. (A) Generation method. (B, C) Fold
expansion of cells after 21 days of culture (Red indicates COVID-19 recovered individuals; black indicates unexposed individuals). (D) Immunophenotypic analysis:
COVID19-recovered (red circles with white bar) and unexposed (black circles with gray bars) individuals. (E) Memory type of CD4+ and CD8+ T cells. Tn: CD45RA
+CDB2L+ naive T cells; Tcm: CD45RA-CD62L+ central memory T cells; Tem: CD45RA-CD62L- effector memory T cells; Temra: CD45RA+CD62I- terminally
differentiated effector memory T cells; n.s., not significant. ***p <.001. The bar indicates median and the error bars indicate range.
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CD8+ T cells showed a rapid drop during the last week
of culture.

Therefore, expansion of SARS-CoV-2 specific T cells were
feasible in both recovered and unexposed individuals and these
final T cell products consisted of mainly CD4+ and also CD8+
effector memory T cells with the presence of CD3+CD56+
T cells.

Expanded SARS-CoV-2 Specific T Cells
From Recovered Individuals Showed
Higher Antigen-Specificity Against SARS-
CoV-2 S, M, and N Proteins

Next, we determined whether the expanded cells were specific
to SARS-CoV-2 S, M, and N proteins by detecting anti-viral
cytokine production following antigenic stimulation. We
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FIGURE 2 | Antigen specificity of SARS-CoV-2-specific T cells for SARS-CoV-2 proteins. (A) IFN-y ELISPOT assay against S, M, and N peptide mixtures covered
viral proteins in COVID19 recovered (n=6, red circles with white bar) and unexposed (n=9, black circles with gray bar) individuals. The number of spot-forming cells
per 1.25 x 10° cells are shown. Neg Ctrl indicates negative controls, in which the cells were treated with fresh complete medium only. SARS-CoV-2-specific T cells
were treated with S, M, or N peptide mixtures for 24 hours. Right panel shows a representative ELISPOT result between COVID-recovered and unexposed individual
(B) Flow cytometric analysis of CD3+ T cell intracellular cytokine production from recovered (n=6) and unexposed (n=9) individuals. (C) Supernatant multiplex assays
to measure cytokine production from recovered (n=6, red circles with white bar) and unexposed (n=9, black circles with gray bar) individuals. Untreated group was

*p<.05; "p<.01.

the negative control group. (D) Specific cytotoxic activity of SARS-CoV-2 specific T cells on autologous non-pulsed (untreated) and SARS-CoV-2 peptide pulsed
PHA-induced blasts. Cells were co-cultured at a 50:1 effector to target ratio for 4 hours, and cell deaths were determined using flow cytometry. Cytotoxicity of
SARS-CoV-2 T cells produced from recovered (n=3, red circles with white bar) and unexposed (n=5, black circles with gray bar) individuals were compared. (E)
Cytotoxic effect against SARS-CoV_2 peptide pulse T2 cell line was evaluated. SARS-CoV-2 specific T cells (n=4) were co-cultured at 50:1 effector to target ratio
overnight and cell death was determined using flow cytometry. Each circle represents a donor. Statistical comparisons between unexposed and recovered individual
groups are indicated as follows *p <.05; **p <.01; “**p <.001. Statistical comparisons between recovered negative control and peptide mixture treated groups are
indicated as follows #p<.05; #p<.01. Statistical comparisons between unexposed negative control and peptide mixture treated groups are indicated as follows

performed ELISPOT assays to determine IFN-7 secreting cells
against each SARS-CoV-2 protein. All but two unexposed
donors showed IFN-y secreting cells against at least one
protein among three of SARS-CoV-2 S, M, and N proteins. In
other words, 18 out of 20 SARS-CoV-2 specific T cell products
showed IFN- y production against one or more SARS-CoV-2
proteins. The numbers of IFN-y secreting cells against
S-glycoprotein were similar between COVID-19 recovered
and unexposed individuals. However, the numbers of IFN-y
secreting cells against M and N proteins were significantly
higher in COVID-19 recovered individuals (Figure 2A). Prior
to culture, the numbers of IFN-y secreting cells were higher in
recovered individuals, whereas almost none were detected in

unexposed individuals (Supplementary Figure 2A). However,
intracellular cytokine secreting assay by flow cytometry showed
that the antigen-specific cytokine production between
recovered and unexposed individuals were almost similar
with no significant differences prior to culture
(Supplementary Figure 2B). After 21 days of culture,
antigen-specific cytokine production including IFN-y, TNEF-
o, and IL-2 were expanded with significantly elevated levels in
the recovered group (Figure 2B). CD4+, CD8+, and CD3
+CD56+ T cells were mainly responsible for IFN-y and TNEF-
o secretion, whereas CD8+ T cells and a proportion of CD3-
CD56+ were the source of IL-2 production (Supplementary
Figure 2C). Similar to the ELISPOT results, IFN-y secreting
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cells were increased against S and N peptide mixtures.
Moreover, TNF-a cells and IL-2 secreting cells were
responsive to S and N restimulation. The cytokine production
in the supernatants was similar to the previous results
(Figure 2C), but IFN-y production against M peptide
stimulation was higher in the culture supernatant. The levels
of cytokine production in response to antigen re-stimulation
was significantly higher in COVID-19 recovered individuals
compared to unexposed individuals’ SARS-CoV-2 T
cell product.

To test for direct cytotoxic effects, we used SARS-CoV-2
peptide pulsed autologous PHA-blasts as an alternative to SARS-
CoV-2 infected cells. We observed higher cytotoxicity with
SARS-CoV-2 peptide pulsed PHA-blasts compared to
unpulsed PHA-blasts (Figure 2D). There was a slight increase
in cytotoxicity when all three peptides were pulsed in

comparison to single peptide pulsing. While the trend
indicated that the cytotoxic effects of SARS-CoV-2 specific T
cells from recovered individuals tend to be higher than those
from unexposed individuals, a broad variation of cytotoxicity
between donors still exist for direct comparison. In addition, we
co-cultured HLA-A2 expressing SARS-CoV-2 specific T cells
with SARS-CoV-2 peptide-pulsed T2 cell line (Figure 2E)
demonstrating high anti-viral cytotoxic effects. While the direct
cytotoxic effects of SARS-CoV-2 specific T cells differed between
each individual, granzyme B and perforin secreting cells were
consistently upregulated in the cells expanded from both
recovered and unexposed individuals. CD8+ T cells were the
major source of granzyme B and perforin prior to culture;
however, All major immune subsets of the final products were
able to produce these cytotoxic molecules (Supplementary
Figures 3A, B). Moreover, granzyme B and perforin levels
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FIGURE 3 | SARS-CoV-2-specific T cells showed high activation marker levels, which were further up-regulated in response to antigenic stimulation (n=15, 6
recovered and 9 unexposed individuals). (A) HLA-DR+CD38+, CD25+, CD69+ and CD154+ for all lymphocyte subsets were measured prior to and after 21 days of
culture. (B) SARS-CoV-2-specific T cells were treated with S, M, or N peptide mixtures for at least 18 hours, and the supernatant was collected to measure T-cell
activation-related cytokine production from 5 unexposed and 7 recovered individuals. *p <.05; *p <.01; **p <.001.
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were produced at similar levels in the final cell products from
both unexposed and COVID-19 recovered individuals
(Supplementary Figure 3C).

Our observations indicate that SARS-CoV-2 specific T cells
show antigen specificity through cytokine production in
response to antigenic restimulation, direct cytotoxic effects
against antigen expressing target cells and also the secretion of
cytotoxic molecules. However, SARS-CoV-2 specific T cells
cultured from recovered individuals had a stronger antigen-
specific cytokine response.

SARS-CoV-2 Specific T Cells

Showed Activated Markers Associated
With Immunogenicity

We determined activation markers of the final cell products and
were able to observe an activated phenotype with up-regulated
levels of HLA-DR+CD38+, CD25, CD69, and CD154 in all three
major T cell subsets, following 21 days of culture (Figure 3A).
These changes following SARS-CoV-2 peptide antigenic
stimulation were minimal and not significant suggesting the
activated nature of the product. Furthermore, we examined
cytokines involved in T cell activation, such as 4-1BB, CD40L
(CD154), and IL-2R, and those that promote immunogenicity,
such as GM-CSF and IL-21 (Figure 3B). Most of these cytokines
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FIGURE 4 | SARS-CoV-2 specific T cells (n=4) did not show alloreactivity
against HLA-unmatched PBMCs. T cells, SARS-CoV-2-specific T cells; auto,
autologous; allo, allogeneic; MLR, mixed lymphocyte reaction; PBMC,
peripheral blood mononuclear cells. Autologous mixed lymphocyte group was
used as negative control, while allogeneic mixed lymphocyte group was used
as positive control. *p <.05.

increased following S-glycoprotein stimulation. The levels of 4-
1BB remained upregulated, indicating overall T cell activation
within the products. Slightly higher activated and immunogenic
phenotype was observed from the final SARS-CoV-2 specific
T cell product produced from COVID-19 recovered
individuals than unexposed individuals; however, there was no
statistical significance (Supplementary Figure 4). The results
suggest that the SARS-CoV-2 specific T cells regardless of
donor origin possess a memory T cell phenotype that is
associated with the activated markers and moreover, produce
immunogenic cytokines that may potentially induce anti-SARS-
CoV-2 immunity.

Third-Party SARS-CoV-2-Specific T Cells
Did Not Show Alloreactivity in a Mixed
Lymphocyte Reaction

We assessed the allogeneicity of SARS-CoV-2 specific T cells
against autologous and HLA-mismatched allogenic PBMCs by
CESE proliferation assay. As a control, we co-cultured HLA-
mismatched PBMCs from two different donors, or CFSE-labelled
and un-labelled PBMCs from the same donor for five days
(Figure 4). The CFSE-labelled responder cells showed active
proliferation in the allogeneic condition, suggesting alloreactive
T cells against the respective stimulating antigen-presenting cells.
In contrast, when we co-cultured SARS-CoV-2 specific T cells
against HLA-mismatched allogeneic PBMCs, the proliferation
was minimal compared to the allogeneic control, and similar to
the autologous control, suggesting that the ex-vivo expanded
SARS-CoV-2 specific T cells did not show alloreactivity.

SARS-CoV-2 Specific T Cells Contained
Regulatory T Cells and Expressed
Inhibitory Markers

With the observation that SARS-CoV-2 specific T cells showed
high expression of CD4 and CD25, we examined the presence of
CD4+CD25+CD127- cells within the final products
(Figure 5A). CD4+CD25+CD127 levels (median: 6.365; range:
0.59-66.72) varied between donors, but there were no significant
differences between the donor groups (Supplementary
Figure 5A). The majority of CD4+ T cells were CD4+CD25
—CD127+ cells (Tcons). Majority of the CD4+CD25+CD127-
cells were regulatory T cells (Tregs) confirmed by Foxp3
expression (Figure 5B). Next, we examined three
representative inhibitory markers: PD-1, Tim-3, and LAG-3.
All three markers were upregulated following 21 days of
culture (Supplementary Figure 5B). Although PD-1
expression was similar in both donor groups, Tim-3 and LAG-
3 levels were up-regulated in all four subsets especially in the
products of recovered individuals (Figure 5C). We investigated
further potentially relevant anti-inflammatory cytokines.
Similarly, IL-4 and IL-10 were found to be increased in
response to antigenic stimulation especially in the products of
COVID-19 recovered individuals (Figure 5D). Since we did not
confirm all relevant exhaustion markers and transcription
factors, it is unclear whether these cells were strongly activated,
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with S, M, or N peptide mixtures for at least 18 hours, and the supernatant from recovered (n=6, red circles with white bar) and unexposed (n=9, black circles with gray
bar) individuals was collected to measure anti-inflammatory cytokine production.

exhausted, or possessed inhibitory functions, and further studies
will be required for better characterization of these cells.

DISCUSSION

The emergence of the COVID-19 pandemic in 2019 has led to
global efforts to develop effective vaccines and treatments. Unlike
previous viral outbreaks, SARS-CoV-2 is known to be highly
contagious and can spread at unprecedented rates. While the
vaccination process has been accelerated worldwide to achieve

herd immunity, there has been little progress in COVID-19
treatment options (23).

Acute respiratory distress syndrome (ARDS), respiratory
failure, and cytokine storm syndrome due to a hyper-
inflammatory cytokine profile, are the leading causes of
mortality in COVID-19 (24, 25). Adjuvant treatments, such as
corticosteroids and immunomodulators are being used to
alleviate hyper-inflammation. Evidence suggests that both
dexamethasone (26, 27) and anti-IL-6 antibodies (28, 29) can
improve COVID-19 survival and mortality rates. These
approaches treat COVID-19 complications instead of
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eliminating viral replication or virus-infected cells. In fact, these
anti-inflammatory drugs may adversely affect the anti-viral
immune responses. To combat SARS-CoV-2 infections
directly, genetically modified neutralizing antibodies have been
developed that bind to the receptor-binding domains of the S
protein of SARS-CoV-2, block S-protein attachment to human
ACE2 receptors, and inhibit virus entry into cells (30, 31).
However, antibodies are only effective when viruses are rapidly
replicating within the body, which is usually one week after
infection. Patients with severe ARDS or pneumonia do not
respond well to antibody treatment, as the viruses are not
present in the blood stream (14). Experience with human
coronaviruses, including MERS-CoV and SARS-CoV-2,
suggests that antibody titers decline over time (15). Therefore,
once viral infection is established, cellular immunity is the final
and the most important line of defense.

In our study, we suggest a treatment approach that relies on
the most fundamental concept in viral immunology: adaptive
immunity, specifically T cells. The main purpose of SARS-CoV-
2-specific T cell therapy is to reverse actively and restore
inadequate T cell responses, to improve viral control while
minimizing excessive inflammatory responses. Our results

demonstrated that manufacturing antigen-specific T cells from
either COVID-19 recovered or unexposed individuals is feasible,
and reproducible within 21 days. Our ex vivo expanded SARS-
CoV-2 antigen-specific memory T cell products were polyclonal,
containing both CD4+, CD8+, and CD56+ T cells (Figure 1),
with antigen-specific IFN-y, TNF-o, and IL-2 production,
leading to direct cytotoxic effects against target cells (Figure 2).
These T cells showed a functionally-activated phenotype,
producing cytokines that may participate in recruitment of
immune cells and induce anti-viral immunity (Figure 3).
However, they did not induce an allogeneic response against
HLA-mismatched target cells, suggesting a possibility for off-the-
shelf third-party products. A proportion of the cell products
consisted of CD4+CD258"CD127'°" Foxp3-expressing Tregs
(Figure 5). However, because we did not study the functionality
of these Tregs, further studies need to confirm whether these cells
do exhibit anti-inflammatory effects. In addition, Tim-3 and Lag-
3 in particular were upregulated in the products from COVID-19
recovered individuals. The co-expression of the two markers
associated with the presence of Tregs and secretion of IL-4 and
IL-10 seem to suggest immunosuppressive capabilities. Whether
these marker indicate functionality, hyperactivation or

TABLE 3 | Published pre-clinical studies on SARS-CoV-2 specific T cells.

Country Donor Generation method Main Immunophenotypical characteristics of final cell product Reference
United States COVID-19 convalescent or vaccinated individual Ex-Vivo expansion - 21)
Spain COVID-19 convalescent or unexposed individual Ex-Vivo expansion CD3+CD4+ 8)
Spain COVID-19 convalescent individual Separation of memory T cells CD3+CD4+CD8+ CD45RA- (11)
Germany COVID-19 convalescent individual Separation of IFN-y+ producing cells responding to SARS-COV-2 peptides CD3+CD4+CD8+ CD45RA- IFN-v+ (10)
followed by ex-Vivo expansion
United States COVID-19 convalescent or unexposed individual Ex-Vivo expansion CD4 dominant T cells ©)
United States COVID-19 convalescent or unexposed individual Ex-Vivo expansion NR3C1 gene transduced T cells 32)
Singapore COVID-19 patients Separation of IFN-y+ producing cells responding to SARS-COV-2 peptides CD3+CD4+,CD8+,CD56+ CD45RA- IFN-v+ (33)
TABLE 4 | Registered clinical trials using SARS-CoV-2 T cells to treat COVID-19.
Country Phase # of Target Patients Cell Dose Generation Status Clinical trial identifier
patients Method number
Singapore  I/Il 18 Severe COVID-19 Unknown Cell Separation Recruiting NCT04457726
Germany I/ 51 Severe COVID-19 1000-5000 cells/kg Cell Separation Not yet NCT0476186
recruiting
United | 16 SARS-COV-2 infected cancer Unknown Ex-Vivo expansion Recruiting NCT04742595
States patients
United I/ 58 Severe COVID-19 1, 2, 4x107/m? Ex-Vivo expansion  Recruiting NCT04401410
States
United | 24 Elderly patients with severe Unknown Unknown Not yet NCT04765449
States COVID-19 recruiting
Spain I/ 58 Severe COVID-19 Unknown (dose-escalation is Cell Separation Recruiting NCT04578210

included)

TABLE 5 | GMP production of SARS-CoV-2 specific T cells.

Donor # Starting Material Fold Expansion Theoretical number of doses that can be produced*
16 Leukapheresis 3.5 294 doses
17 Leukapheresis 1.2 713 doses
18 Whole Blood 8.4 47 doses
19 Whole Blood 10.4 40 doses
20 Leukapheresis 7.8 265 doses

*One dose was considered as 2x107/m? bodly surface area. Body surface area of an average adult male 1.9m? was used for calculation.
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exhaustion remains to be elucidated and we hope to address this
in future studies. Nonetheless, the heterogenous characteristics
of our SARS-CoV-2-specific T cell products were unique and
important for COVID-19, which requires varying
immunological strategies.

SARS-CoV-2 specific T cells as a therapeutic option have
been previously reported (Table 3), and a few clinical trials are
registered and open for recruitment (Table 4). The majority of
these clinical trials concentrate on treating patients with severe
disease, or at a high risk for developing severe disease, such as
cancer patients and older adults. There are two main methods
for SARS-CoV-2 T cell generation: the ex-vivo expansion
method, and direct selection of T cells. Each method has its
advantages and disadvantages. Direct selection of T cells
responding to SARS-CoV-2, or selection of memory T cells is
convenient in emergency situations. However, it is not scalable
because the final cell product numbers are relatively low. Ex-
vivo expansion methods are more time-consuming and require
more experience. However, mass production is possible and,
depending on the method used, has the potential to treat
hundreds to thousands of patients, using only a few donors.
Furthermore, establishment of a mini bank for T cells with
common HLA types may allow third-party off-the-shelf use of
SARS-CoV-2-specific T cells (16). We have produced clinical-
grade SARS-COV-2-specific T cells at a GMP facility. While the
expansion rates showed donor variabilities, between 40 and 713
doses could be produced, considering a dose of 2x10” cells/m?
for an average adult (Table 5).

Because antigen-specific cytokine production tends to be
higher in recovered individuals, the use of T cells generated
from recovered individuals may be more useful as a therapeutic
drug. However, cells generated from unexposed individuals may
still be applied as a personalized T cell vaccines especially for
immunocompromised individuals and those who are at a high
risk for vaccine adverse effects. While, our results also showed
comparable expansion from unexposed individuals, the antigen-
specific cytokine production and cytotoxicity remained low
compared to cells produced from COVID-19 recovered
individuals, possibly due to cross-reactivity with other
common corona viruses (7). We hypothesized that once the
autologous SARS-CoV-2 T cells are infused into a healthy
individual, the cells would circulate in the bloodstream and
lymphatics to induce a vaccine-like anti-viral immune
response. Because our products were predominantly CD4+ T
cells, which produced IL-21, they may potentially interact with B
cells to promote production of neutralizing antibodies. However,
this remains to be elucidated and requires investigation in a
clinical trial.

More recently, with on-going variant outbreaks due to
mutations in the SARS-CoV-2 gene, therapeutic options that
specifically target the spike glycoprotein have become ineffective.
Based on our results, ex vivo expanded SARS-CoV-2 specific T
cells can target three major SARS-CoV-2 peptides including
membrane and nucleocapsid proteins. This implies that cell
therapy can be a resistant and effective approach against future
SARS-CoV-2 mutations.

Our study had some limitations, which may need to be
addressed in future studies. Further functional analyses of the
produced cells need to be performed. The cells exhibited a
heterogenous population that included antigen-specific, as well as
antigen-independent activated cells. While our results showed
antigen-specific cytokine production, the cytotoxicity effects
remained moderate at high effector to target ratios, possibly due
to CD4 dominance of the cell products. Further studies are required
to clarify the mechanism of action of each cell population. For
instance, CD4 and CD8 cells may be isolated to determine their
individual cytotoxicities. In addition, due to limited access to MHC
class I and II pentamers at the time of the study, we could not
directly enumerate antigen-specific T cells. Sorting antigen-specific
and non-specific cells may help determine their roles in viral
control. Detailed phenotypical analyses are also needed, especially
for CD4+ T cells, as our observations have suggested the presence of
follicular helper T cells within the product. Moreover, Tregs and the
inhibitory markers induced in the final product need to be analyzed
to determine whether they demonstrated functional exhaustion or
immunosuppressive capacity. Our study also indicated the
possibility of inducing SARS-CoV-2-specific T cells from SARS-
CoV-2 unexposed donors. Larger-scale studies with more
unexposed donors are required to investigate this possibility
further. With an increasing number of vaccinated individuals, it
will be intriguing to see whether vaccinations affect the manufacture
of SARS-CoV-2-specific T cells.

The pivotal role of T-cell immunity in viral infections is well
known, and has been used in clinical practice for over 20 years
(17). Adoptive transfer of VSTs has proven to be safe, with
minimal adverse events (18). Advances in manufacturing
methods have significantly reduced production time (19), and
commercialization is possible by third-party VST banks (16, 20).
Currently, there are no effective treatments for hospitalized
COVID-19 patients. Therefore, efforts must be directed toward
developing newer therapeutic approaches.

In conclusion, we believe that development of treatment
strategies for hospitalized COVID-19 patients is a matter of
some urgency. SARS-CoV-2-specific T cells are a promising
approach for treating COVID-19, one that can directly
eliminate infected cells, regulate hyper-inflammatory responses,
and provide long-term anti-viral immunity.
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(n=8) individuals.

Supplementary Figure 3 | SARS-CoV-2 specific T cells show robust production
of cytotoxic molecules, granzyme B and perforin (n=15). (A) Ex-vivo culture induces
granzyme B and perforin in SARS-CoV-2-specific T cells. (B) SARS-CoV-2 specific
T cells (n=15) were treated with S, M, or N peptide mixtures for at least 18 hours.
Stimulated cells were collected for flow cytometric analysis of granzyme-b-
producing, and granzyme-b- and perforin-producing cells of each lymphocyte
subset. The levels remain unchanged after antigenic re-stimulation. (C) Cell culture
supernatants from recovered (n=6, red circles with white bar) and unexposed (n=9,
black circles with gray bar) individuals after re-stimulation were collected for
granzyme B and perforin measurement. Results represent data from 3 unexposed
and 2 recovered individuals. *p <.05; *p <.01; *p <.001.
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related cytokine production. Results represent data from 9 unexposed and 6
recovered individuals.
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Acute kidney injury (AKI) is a common complication of allogeneic hematopoietic cell
transplantation (allo-HCT) and is associated with non-relapse mortality (NRM) and quality
of life (QOL). Multiple factors may contribute to AKI during allo-HCT and are often present
at the same time making it difficult to determine the cause of AKI in each patient.
Nephrotoxic drugs, infections, thrombotic microangiopathy (TMA), and sinusoidal
obstruction syndrome (SOS) are well described causes of AKI during allo-HCT. Acute
graft-versus-host disease (aGVHD) is a major complication of allo-HCT that mainly targets
the intestines, liver, and skin. However, recent studies suggest aGVHD may also attack
the kidney and contribute to AKI following allo-HCT. For example, severe aGVHD is
associated with AKI, suggesting a link between the two. In addition, animal models have
shown donor immune cell infiltration and increased expression of inflammatory cytokines
in recipient kidneys after allo-HCT. Therefore, aGVHD may also target the kidney and
contribute to AKI following allo-HCT. Herein, we describe the etiology, diagnosis, risk
factors, pathophysiology, prevention, and treatment of renal injury after allo-HCT. In
addition, we highlight emerging evidence that aGVHD may contribute to the development
of AKI after allo-HCT.

Keywords: acute kidney injury, allogeneic hematologic stem cell transplantation, GvHD, experimental BMT,
cytokine, calcinurin inhibitors, thrombotic microagiopathy

INTRODUCTION

Hematopoietic cell transplantation (HCT) is a curative therapy for hematologic malignancies and many
non-malignant diseases (1). HCT is classified as either autologous (auto-HCT), when recipient
hematopoietic stem cells are stored and then infused, or allogeneic (allo-HCT), when the infused
hematopoietic stem cells are derived from a related or unrelated donor. Prior to transplantation,
conditioning with chemotherapy and/or total body irradiation (TBI) is necessary to eradicate malignant
residual tumors and inhibit rejection of donor hematopoietic cells. Myeloablative conditioning with
high-dose cyclophosphamide (CY) and TBI or a combination of busulfan (BU) and CY are two
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common regimens. Non-myeloablative conditioning or reduced-
intensity conditioning with less intense pretreatment is commonly
utilized for elderly patients or those with comorbidities (2).

To prevent graft-versus-host disease (GVHD), immunosuppressive
prophylaxis is necessary after transplantation (3). GVHD is caused by
alloreactive donor T cells, attacking recipient tissues and is a major life-
threatening complication of allo-HCT (4). Previously GVHD was
classified into acute GVHD (aGVHD) if it developed within 100 days
after transplantation or chronic GVHD (cGVHD) if it developed after
100 days. However, GVHD classification is now based on clinical and
pathological characteristics (5).

The characteristic symptoms of aGVHD are rash, diarrhea, and
jaundice (4). The pathophysiology causing these symptoms begins
with tissue damage from conditioning regimens that results in the
release of damage-associated molecular patterns (DAMPs). Injury
to the intestinal mucosa and skin also causes a breakdown in barrier
function. Barrier breakdown allows microbes to invade the body
and release pathogen-associated molecular patterns (PAMPs).
PAMPs and DAMPs are danger signals that activate the innate
immune system to produce proinflammatory cytokines, such as
tumor necrosis factor (TNF)-o and interleukin (IL)-1B, which
amplify tissue damage and activate antigen-presenting cells
(APCs). Activated host APCs then stimulate donor T cells, which
in turn produce proinflammatory cytokines, such as interferon
(IFN)-y, that further activate the innate immune system. Finally,
tissue damage caused by cytotoxic T lymphocytes and cytotoxic
cytokines derived from activated T cells and innate immune cells,
results in the development of clinically apparent aGVHD (3, 6).

The most common immunosuppressive regimen used to
prevent GVHD after allo-HCT consists of a calcineurin
inhibitor (tacrolimus or cyclosporine) in combination with a
short-term course of methotrexate (MTX) (4). Systemic high-
dose corticosteroids are the first-line treatment for patients who
develop aGVHD (7).

The main organs affected by aGVHD are the skin, liver, and
gastrointestinal (GI) tract, but a variety of other organs may also be
affected (8). Classically, the kidney is not recognized as a main target
organ of aGVHD and no renal aGVHD diagnostic criteria have
been established (8). However, various factors related to
conditioning and GVHD prophylaxis are known to cause renal
injury after allo-HCT. In patients with aGVHD and renal
dysfunction, it is often difficult to identify the cause of renal
dysfunction due to the frequent co-occurrence of multiple
possible etiologies. Renal biopsy is the gold-standard examination
for deconvoluting multiple possible etiologies of renal injury;
however, invasive renal biopsies are rarely safe during the acute
phase of GVHD. Recently, animal studies suggest that the kidney
may be a target of aGVHD. Here, we describe the pathophysiology
and management of acute kidney injury (AKI) after allo-HCT and
highlight the emerging association between AKI and aGVHD.

CRITERIA FOR ACUTE KIDNEY INJURY

Although AKI is a common disease, there have been no
internationally standardized criteria (9). In 2004, the Acute Dialysis

Quality Initiative (ADQI) published the Risk, Injury, Failure, Loss,
and End-stage renal disease (RIFLE) criteria (10). The ADQI defined
acute renal failure (ARF) as elevated serum creatinine (sCr),
decreased glomerular filtration rate (GFR), and decreased urine
output. The AQDI also classified the severity of ARF based on the
degree to which these parameters were altered (10). Later, the Acute
Kidney Injury Network (AKIN) proposed the concept of acute
kidney injury (AKI) in order to include early renal injury. The
AKIN criteria, published in 2007, modified the RIEFLE criteria by
including mild elevations of sCr (11). In 2012, the Kidney Disease
Improving Global Outcomes (KDIGO) criteria were proposed,
which integrated the RIEFLE and AKIN criteria. The KDIGO
criteria for AKI include anyone of the following: 1) an increase in
sCr by20.3 mg/dl within 48 hours, 2) an increase in sCr to 21.5 times
baseline within the preceding 7 days, and 3) a urine volume <0.5 ml/
kg/h for 6 hours. The severity of AKI is classified by the KDIGO as
Stage 1 to 3 based on sCr or urine output (12). The details of each
criterion are shown in Table 1. Importantly, the latest KDIGO criteria
are as or more predictive of life expectancy than either the RIEFLE or
AKIN criteria (13-15). The KDIGO criteria are frequently used in
recent studies to measure the incidence of AKI after HCT (16-19).

KIDNEY DISEASE AFTER HCT

According to a recently published meta-analysis of reports from
1995-2019, the incidence of AKI after HCT was 55.1%, with
Stage 3, the most severe form, occurring in 8.3% of patients (20).

Factors known to contribute to the risk of AKI after HCT
include pre-treatment factors such as being female (21), age 55 years
or older (22), and underlying conditions such as diabetes (23),
hypertension (21), and chronic kidney disease (CKD) (24). Risk
factors for AKI associated with HCT include TBI conditioning (22),
use of a calcineurin inhibitors (CNIs) for GVHD prevention (23, 25,
26), and use of MTX for GVHD prophylaxis (22, 23). Post-
transplant stay in an intensive care unit (21) and the need for
mechanical ventilation (27) are also risk factors. Several post-HCT
complications also increase the risk for AKI including hepatic
sinusoidal obstruction syndrome (SOS) (28), sepsis (28, 29), and
cytomegalovirus infection (22). AKI risk can be further increased by
agents used to treat post-HCT complications including
amphotericin B (30), acyclovir (31), aminoglycosides (32), and the
concomitant use of multiple nephrotoxic drugs (33).

AKI is more common in the early phase of HCT due to the
risk of conditioning toxicity, sepsis, SOS, and drug-induced renal
injury that are more common early post-HCT (23, 34). For these
reasons, clinical studies typically assess post-HCT AKI at 100
days post-transplantation (35).

The incidence of AKI varies according to the type of HCT. In
auto -HCT recipients, graft failure is less common, and CNIs are
not required because there is no risk for GVHD. Less antibiotics
are administrated to auto-HCT recipients than to allo-HCT
recipients because duration of neutrophilia is shorter.
Therefore, the incidence of AKI is less in auto-HCT versus
allo-HCT recipients (36-39). AKI incidence is lower following
nonmyeloablative compared to myeloablative conditioning due
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TABLE 1 | Classification of AKI severity.

Serum creatinine

RIFLE

Risk Increase sCr x1.5 or GFR decrease > 25%

Injury Increase sCr x2 or GFR decrease > 50%

Failure Increase sCr x3 or GFR decrease 75% or sCr > 4 mg/dl

Loss Complete loss of kidney functions > 4 weeks

ESKD End Stage Kidney Disease >3 months

AKIN

Stage 1 Increase 20.3 mg/dl or 1.5-2 fold from baseline

Stage 2 2-3 fold from baseline

Stage 3 >3 fold from baseline or sCr = 4.0 mg/dl with an acute increase of at least 0.5 mg/dl
KDIGO

Stage 1 1.5-1.9 times or 20.3 mg/dl increase

Stage 2 2.0-2.9 times

Stage 3 3.0 times or Increase to 24.0 mg/dl or initiation of renal replacement therapy or, in patients <18 years,

decrease in eGFR to <35 ml/min/1.73 m?

Urine output

<0.5 ml/kg/h for 6 hours
<0.5 ml/kg/h for 12 hours
<0.3ml/kg/h for 24 hours or Anuria for 12 hours

<0.5 mi/kg/h for 6 hours
<0.5 mi/kg/h for 12 hours
<0.3 mi/kg/h for 24 hours or Anuria for 12 hours

<0.5 ml/kg/h for 6 hours
<0.5 ml/kg/h for 12 hours
<0.3 ml’kg/h for 24 hours or Anuria for 12 hours

RIFLE, Risk, Injury, Failure, Loss, and End-stage renal disease; AKIN, Acute Kidney Injury Network; KDIGO, Kidney Disease Improving Global Outcomes; sCr, serum creatinine; GFR,

glomerular filtration rate.

to decreased rates of infection, SOS, and organ failure (35, 40).
Overall, the greatest risk of AKI is with myeloablative allo-HCT
(21-73%), followed by nonmyeloablative allo-HCT (29-56%),
and then autologous transplantation (10.4-19%) (36, 41, 42).
Reports vary on whether the incidence of AKI is higher with cord
blood or HLA mismatched donor transplantation (28, 43-47).

Whether the indication for HCT is for a malignant or
nonmalignant disorders does not significantly affect the incidence
of AKI (33, 48, 49). However, malignancies are a risk factor for post-
transplant CKD (50), and these patients should be monitored
carefully for changes in renal function. Multiple myeloma (MM)
and immunoglobulin light-chain (AL) amyloidosis, which
themselves cause AKI (see the section of “Etiologies of AKI after
HCT"), have been reported to cause relatively little post-transplant
AKI. However, patients with these disorders are typically treated
with auto-HCT, which is less nephrotoxic than allo-HCT (19, 24).

AKI after allo-HCT is associated with all-cause (19, 20, 22, 28,
33, 39, 51) and non-relapse mortality (17, 23, 33), and the earlier the
onset of AKI, the higher the mortality (52). The severity of AKI
decreases overall survival, and mortality worsens to 55-100% with
renal failure requiring dialysis (17, 22, 36, 37, 53, 54). AKI after allo-
HCT is also a risk factor for CKD (33, 50). Representative studies
that focus on the association of AKI with transplant outcomes are
shown in Table 2. In pediatric HCT recipient, the incidence of AKI
is similar to adults (44, 48, 49, 56-58), AKI worsens mortality after
HCT (49, 57), and the 1-year survival rate is less than 10% in
patients with renal failure requiring renal replacement therapy (56).
Fortunately, HCT-related AKI has decreased in recent years due to
the increased use of less toxic conditioning regimens, decreased
rates of SOS, modified infection prophylaxis, less amphotericin B
use, and declining rates of severe aGVHD (59, 60).

ETIOLOGIES OF AKI AFTER HCT

There are various causes of AKI after HCT. An overview is
shown in Figure 1.

Nephrotoxic Drugs

Most of the renal injury after HCT is thought to be caused by
nephrotoxic drugs, particularly CNIs given for GVHD
prophylaxis (34). CNIs can cause both AKI and CKD (61);
however, CNIs serum concentration does not always correlate
with the severity of AKI (26). CNIs cause AKI through a variety
of mechanisms. One way is by inhibiting the production of
vasodilators and increasing the production of vasoconstrictors,
resulting in the contraction of afferent and efferent arterioles.
They also cause vacuolation and dysfunction of renal tubules
(61), and they increase the levels of oxidative stress that damages
the renal endothelium and contributes to the development of
thrombotic microangiopathy (TMA) (62). Consistent with the
vasoconstrictive effect of CNIs on afferent and efferent arterioles,
inhibition of the renin-angiotensin-aldosterone system may be
useful for preventing CNI nephrotoxicity (60).

MTX can also be nephrotoxic. The mechanism is thought to
relate to direct tubular injury and/or its precipitation in the renal
tubules. The risk for MTX-induced nephrotoxicity is increased
by high dose intravenous administration, dehydration, and
aciduria (63).

Chemotherapeutic agents used in conditioning (cytarabine
and fludarabine) can be nephrotoxic and primarily cause acute
tubular injury. Vomiting and diarrhea, which are common
adverse events of chemotherapy, cause pre-renal AKI due to
dehydration (35). CY and BU cause post-renal AKI due to
hemorrhagic cystitis (35, 64).

Many antimicrobial agents may induce direct renal injury or
acute interstitial nephritis due to allergic reactions leading to AKI
(60). For example, aminoglycosides can cause Fanconi syndrome
and Bartter-like syndrome (32). The antifungal agent,
amphotericin B causes AKI in a dose-dependent manner via
renal vasoconstriction and direct tubular injury (65).
Fortunately, liposomal amphotericin B, which is now more
commonly used, is far less nephrotoxic (66). Finally, acyclovir,
an antiviral agent, has been associated with crystal-induced
tubular injury and obstruction (60, 67).
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TABLE 2 | Recent studies on the association of AKI with transplant outcomes.

Study Year Type of trans- AKI definition Incidence Follow up Overall mortality Non-relapse mortality

plantation of AKI (non-AKIl vs AKI) (non-AKIl vs AKI)
Mori et al. (54) 2012 allo-HCT AKIN 62.2% 5 years 25% vs 45%, HR for death; >Stage 3 vs no NA

AKI or stage 1-2; 5.49 (p <0.001)

Sehgal et al. 2017 allo-HCT, auto-HCT RIFLE 75.4% 3 months  non-AKI 17.6%, risk 40%, injury 36.4%, failure NA
37) (16.9%) 80% (p=0.027)
Pifiana et al. 2017 allo-HCT(RIC) KDIGO 44% 25 months  non-AKI 22%, grade 1 32%, grade 2 50%, 16% vs 33% (p=0.005)
(17) grade 3 70% (p<0.0001)

Liu et al. (55) 2018 haplo-HCT sCr>1.5-fold rise 43% 2 years

Khalil et al. (38) 2019 allo-PBSCT, aotu-  RIFLE 31.6% 3 months
PBSCT(38.6%)

Mima et al. (18) 2019 allo-HCT, auto-HCT KDIGO 15.7% 100 days
(14.8%)

Andronesi et al. 2019 auto-HCT KDIGO 10.3% 90 days

(19)

Sakaguchi 2020 allo-HCT KDIGO 64.9% 5 years

et al. (33)

Gutiérrez- 2020 allo-HCT KDIGO 58% 5 years

Garcia et al.

(22)

Bhasin et al. 2021 auto-HCT(56.1%),  increase in sCr 23% 100 days

(39) allo-HCT > 0.3 mg/dL

non-AKI 21.1% vs grade 3(sCr>3-fold) 55.4%

(p<0.001)
17% vs 42%

survival time; non-AKI 130 vs injury or failure

38 months (p=0.001)
20.2% vs 29.4% (p=0.409)

0.6% vs 5.3% (p=0.01)

42.7% vs 76.2% (p<0.001)

AKI 0-1-2, 556% vs AKI-3, 70% (p=0.008)

1.4% vs 15.6% (p<0.001)

PFS; non-AKI 72.2% vs
severe AKI 45.7 (p<0.001)
NA

NA

NA

13.3% vs 59.8% (p<0.001)

TRM; AKI 0-1-2, 31% vs
AKI-3, 51% (p<0.0001)

NA

AKI, acute kidney injury; HCT, hematopoietic cell transplantation; allo, allogeneic; auto, autologous; RIC, reduced-intensity conditioning; PBSCT, peripheral blood stem cell transplantation;
AKIN, Acute Kidney Injury Network; RIFLE, Risk, Injury, Failure, Loss, and End-stage renal disease; KDIGO, Kidney Disease Improving Global Outcomes; sCr, serum creatinine; HR, hazard

ratio; PFS, progression free survival; TRM, transplant-related mortality. NA, not applicable.
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FIGURE 1 | Overview of the pathophysiology of AKI after HCT. AKI, acute kidney injury; HCT, hematopoietic cell transplantation; IL, interleukin; IFN, interferon; TNF, tumor
necrosis factor; Treg, regulatory T cell; SOS, sinusoidal obstruction syndrome; CNI, calcineurin inhibitor; TA-TMA, transplantation associated-thrombotic microangiopathy.
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Hematological Disease-Associated AKI
Hematologic diseases themselves can cause renal injury. For
example, AKI occurs in 20-50% of patients with multiple
myeloma (68). The most common cause of AKI in patients
with multiple myeloma is cast nephropathy, in which large
amounts of light chains bind to Tamm-Horsfall protein in the
tubules and form insoluble casts, resulting in tubular obstruction
and injury. Other causes include light chain deposition disease,
AL amyloidosis, and hypercalcemia (69). Direct invasion of the
kidney by lymphoma and leukemia can also cause AKI (70).

Complications of HCT

Recipients are immunocompromised and prone to sepsis after
HCT (60). Gram-negative bacteria is more common in cord
blood transplantation than in bone marrow transplantation (71),
likely due to a longer period of neutropenia. Sepsis causes
systemic vasodilatation, hypotension, and cytokine-induced
endothelial damage, leading to AKI (72). As mentioned above,
some of the antimicrobial agents used in the treatment of sepsis
are nephrotoxic.

Adenovirus and BK virus infections are also common
opportunistic infections following allo-HCT and often lead to
AKI (35, 60). Adenoviruses may cause hemorrhagic cystitis and,
rarely, necrotizing tubulointerstitial nephritis (73). Adenovirus
infections are more common in transplants from unrelated
donors and in pediatric patients. Severe adenovirus infection
can cause hepatitis, pneumonitis, and encephalitis, and multi-
organ failure (74). Reactivation of BK virus may lead to
hemorrhagic cystitis, ureteral stricture, and tubulointerstitial
nephritis (75). Acute GVHD, allo-HCT, and BK viremia are
still associated with increased risk for hemorrhagic cystitis
(76, 77).

Nephrotic syndrome, while rare (0.4-6.0%), may also develop
following allo-HCT (34). Membranous glomerulonephritis
(MGN) and minimal change disease (MCD) account for about
two-thirds and one-quarter of nephrotic syndrome cases
following allo-HCT, respectively (78). Intriguingly, the onset of
nephrotic syndrome following allo-HCT has been associated
with recent reduction in the dose of immunosuppressive drugs
(78) and the onset of GVHD (79). Most cases occur more than 6
months after transplantation and are considered a rare
manifestation of cGVHD (34, 60). However, de novo nephrotic
syndrome without GVHD also occurs (80).

Marrow infusion syndrome is caused by hemolysis of
erythrocytes that release hemoproteins into the recipient.
These hemoproteins cause symptoms of hemolysis, such as
fever and vomiting. They can also cause acute tubular injury
by forming casts in the tubules. Hemolysis resulting in marrow
infusion syndrome often occurs during the preservation of stem
cells or upon infusion of grafts containing the cryoprotectant
dimethyl sulfoxide (DMSO), which can cause hemolysis in
recipients of DMSO-containing grafts. Marrow infusion
syndrome is mitigated and treated by intravenous hydration
and by rinsing or red blood cell-depleting the graft (81).

Tumor lysis syndrome (TLS) occurs when a large number of
tumor cells lyse and release toxic cellular contents. It is characterized
by hyperkalemia, hypocalcemia, hyperphosphatemia,

hyperuricemia, and crystal-induced kidney injury (82). While
more common during induction chemotherapy for leukemia, TLS
is relatively rare following HCT because most patients come to
transplant following multiple treatment courses that dramatically
reduce tumor burden (82).

Hepatic sinusoidal obstruction syndrome (SOS) is
characterized by painful hepatomegaly, jaundice, and weight
gain due to fluid retention (83). AKI often co-occurs with SOS
(84, 85), which is more frequently seen after allo- than auto-HCT
(81), and severe SOS may lead to multiple organ failure (86). SOS
develops following sinusoidal endothelial damage from
conditioning therapy, resulting in hepatic portal hypertension,
ascites, and increased abdominal pressure. While the exact cause
of renal injury in SOS is uncertain and likely multifactorial,
decreased renal blood flow due to elevated abdominal pressure
likely contributes to tubular injury, which further exacerbates
fluid retention and multiorgan failure (86, 87).

Thrombotic Microangiopathy
Transplantation-associated-thrombotic microangiopathy (TA-
TMA) is another complication of HCT associated with a
substantial risk of mortality (88). It typically develops subacute
or chronically (89), and can also lead to AKI (60). Vascular
endothelial damage associated with transplantation results in
thrombus formation and fibrin deposition in the capillaries and
small arteries, microangiopathic hemolytic anemia, and
consumptive thrombocytopenia (88). TBI, high-dose BU, CNIs,
aGVHD Grade II-IV, infections (BK virus, cytomegalovirus,
parvovirus B19, aspergillus species, adenovirus), peripheral
blood stem cell transplantation, and use of unrelated donors are
all risk factors for TA-TMA (62).

Diagnostic criteria for TA-TMA have been developed by the
Blood and Marrow Transplant Clinical Trial Network (BMT-
CTN) (90) and the European Group for Blood and Marrow
Transplantation (EBMT) (91). Both sets of criteria require the
presence of schistocytes and elevated lactate dehydrogenase
(LDH). The BMT-CTN criteria also requires worsening renal
function (90).

The Kidney is the most vulnerable organ to TA-TMA (62,
89). Renal TA-TMA presents as both AKI and CKD (62, 89) and
is often accompanied by hypertension, proteinuria, and a
decreased GFR (89). The histopathology of renal TA-TMA is
characterized by fibrin deposition in the glomeruli, narrowing of
the capillary lumen, presence of fragmented red blood cells,
basement membrane duplication, mesangiolysis, and edema of
the endothelium (89, 92).

Although endothelial damage plays a major role in the
pathogenesis of TA-TMA (62), it is unclear whether it is a
direct complication of transplantation or a manifestation of
GVHD, infection, or drug toxicity (60). Factors known to
cause endothelial damage include CNIs, mammalian target of
rapamycin (mTOR) inhibitors, chemotherapy, and TBI (35).
Recent studies have also suggested the involvement of
complement activation (62, 88).

Several clinical studies have shown an association between TA-
TMA and aGVHD (93, 94), but these were retrospective studies
confounded by the use of CNIs (88). Nevertheless, clinical studies
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have suggested that vascular endothelial cells are targeted by donor
T cells (95), and some studies suggest that TA-TMA may be caused
by GVHD of the vascular endothelium (89, 96, 97).

Kidney Disease Associated With GVHD
Renal injury after allo-HCT is generally attributed to the etiologies
describes above. However, aGVHD is a risk factor for AKI (23, 28,
53, 54, 98), and recent studies have suggested that the kidney may be
a direct target of aGVHD (34). Traditionally, the kidney was not
considered a target of aGVHD (35). However, diarrhea associated
with severe GVHD can indirectly cause dehydration leading to AKI,
and CNIs used for GVHD prophylaxis can also cause AKIL. Hence,
the association between kidney injury and aGVHD is controversial.
In the following section, we review studies investigating the
relationship between aGVHD and AKL

Clinical Studies

Hingorani et al. (99) measured cytokines in the urine of patients
who underwent allogeneic or autologous transplantation.
Increased urine IL-6 and IL-15 levels after HCT were
associated with an increased risk of developing proteinuria,
and an increased urine MCP-1 level after HCT was associated
with chronic kidney disease at 1 year. Thus, these data suggested
kidney inflammation occurs after HCT.

Inflammatory cytokines are involved in the pathogenesis of
GVHD, but they are not unique to GVHD and are elevated by
other HCT-related complications and inflammatory disorders
(100). In studies exploring GVHD-specific biomarkers, elafin
was identified as a biomarker for cutaneous GVHD (101). Elafin
is an elastase-specific protease inhibitor expressed mainly in
epithelial tissues, is secreted in response to IL-1 and TNF-q,
and has functions such as antibacterial activity, inflammatory cell
recruitment, and dendritic cell activation (102, 103). In a study
that measured urine elafin levels in patients after HCT (98), it
was found that patients with AKI had higher urine elafin levels
than those without AKI, and patients with albuminuria also had
higher urine elafin levels than those without albuminuria. In
addition, elafin was associated with increased risk of CKD and
death. These data suggest that inflammation similar to cutaneous
aGVHD may occur in the kidney.

Histological diagnosis of renal dysfunction shortly after HCT
is rare, and pathological diagnostic criteria have not been
established (35). Nonetheless, several renal histopathology
studies using tissue obtained by biopsy or autopsy have been
reported. For example, Girsberger et al. (104) reported that renal
biopsy pathology was consistent with TA-TMA in 29%, CNI
toxicity in 24%, and membranous glomerulonephritis in 18% of
patients who presented with deterioration of kidney function or
proteinuria after HCT (12 allo-HCT, 5 auto-HCT). In 137
autopsies (114 allo-HCT, 23 autologous HCT), the most
common renal pathology was acute tubular damage (40%),
followed by chronic vascular and interstitial change (11%), and
TMA (10%). A small number of cases of membranous
glomerulonephritis (1%) and acute interstitial nephritis (1%)
were also observed. The median time from transplantation was
497 days for biopsies and 91 days for autopsies; therefore,
c¢GVHD may have a greater association with kidney injury

than aGVHD. Mii et al. (97) studied renal biopsy (two cases)
and autopsy (5 cases) tissue from patients who developed renal
TA-TMA. The median interval between HCT and renal biopsy
or autopsy was 7 months. Five of the 7 patients underwent allo-
HCT, all 7 patients underwent conditioning that included TBI,
and all but one patient received a CNI for GVHD prophylaxis. In
addition to TA-TMA changes, all patients had glomerulitis,
tubulitis, and peritubular capillaritis with T cell infiltration.
Based on these results, the authors concluded that the kidney
is a potential target for GVHD.

Studies With Animal Models

Animal models have been important tools for studying the
pathophysiology of HCT complications, most notably GVHD,
and for developing new therapies to treat these complications
(105). In addition to the above-described clinical studies, kidney
injury associated with aGVHD has also been studied in animal
models. These models revealed important insights into the
relationship between kidney injury post allo-HCT and GVHD.

Two studies that measured renal function in mice after allo-
HCT reported that sCr did not increase (106, 107). Because
creatinine is a waste product of muscle metabolism (108), the
lack of sCr elevation may have been due to loss of muscle mass
after allo-HCT. By contrast, blood urea nitrogen (BUN), another
marker of renal function, was elevated in a rat model (107).

In addition to markers of renal function, elevated markers of renal
injury have also been observed in mouse models. These markers
include urine protein, albumin (106), N-acetyl-beta-D-
glucosaminidase (NAG) (106, 107), and neutrophil gelatinase-
associated lipocalin (NGAL) (109), which mainly reflects tubular
injury (110, 111). The expression of atKlotho, which is down-regulated
in AKI and CKD (112), was also decreased in allo-HCT mice (109).

Higo et al. (107) evaluated renal lesions in a rat bone marrow
transplantation (BMT) model. The kidneys in the allo-HCT
group were infiltrated with donor leukocytes. Areas with mild
inflammation were characterized by CD4+ T cell, CD8+ T cell,
and CD68+ macrophage infiltration of the interstitium around
small arteries. Whereas in lesions with moderate to severe
inflammation, the cellular infiltrate extended into the
interstitium surrounding the tubules. Peritubular capillaritis,
tubulitis, acute glomerulitis, and endarteritis were also
observed in lesions with moderate to severe inflammation.
There was no renal deposition of immunoglobulin or
complement. In a study using a mouse BMT model (106),
similar results were reported. Specifically, allo-HCT recipient
mice developed aGVHD within 4 weeks; renal tissue was
infiltrated with CD4+ T cells, CD8+ T cells, FoxP3+ T cells,
and macrophages; and endarteritis, interstitial nephritis,
tubulitis, and glomerulitis were observed.

Ma et al. (113) observed the presence of renal TA-TMA in a
TBI-conditioned murine BMT model. In the kidneys of allo-
HCT recipients, in addition to tubulitis and interstitial nephritis,
mesengiolysis, mesangial proliferation, mesangial edema,
subendothelial thickening, endothelial thickening, lumen
narrowing, fibrinoid necrosis of afferent arterioles, and
microthrombi were observed. All of which are similar to
patients with renal TA-TMA. Immunostaining showed C3
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complement deposition in the glomeruli, and these glomerular
lesions were attenuated in C3-deficient mice, suggesting that
complement activation may also be involved in renal injury.

In the kidneys of mice following allo-HCT, increased
expression of messenger RNAs for TNF-c, IFN-vy, IL-1a, IL-2,
IL-6, and IL-10, as well as the adhesion molecules intercellular
adhesion molecule 1 (ICAM-1) and vascular cell adhesion
molecule 1 (VCAM-1) have been reported (106). Sadeghi et al.
(114) performed BMT in mice using chemotherapy conditioning
and compared kidney transcript expression patterns to those in
the liver. Genes that were upregulated in the kidneys of
allogeneic recipients, compared to syngeneic recipients and
muscle without GVHD, included genes involved in antigen
presentation, immune response, and leukocyte migration.
These patterns were similar to those in the liver.

Collectively, these pre-clinical studies suggest that infiltration
of donor-derived immune cells, changes in cytokines and
chemokines, and activation of the complement system may be
responsible for renal injury after allo-HCT.

PREVENTION AND TREATMENT OF AKI
AFTER HCT

Principles of Prevention and
Treatment of AKI
AKI is triggered by a variety of factors related to HCT. Therefore,
reducing these HCT-related complications is key to preventing AKL
One important strategy to reduce HCT-related complications is to
tailor the choice of conditioning regimen and donor source
according to each patient’s disease status and comorbidities. The
largest contributor to AKI after HCT is drug-induced kidney injury,
which can be mitigated by administrating appropriate doses of
nephrotoxic agents, and using less nephrotoxic agents when
possible. For example, limiting exposure to nephrotoxic
antimicrobials decreases the incidence and severity of AKI (115).
Treatment of AKI depends on whether it is pre-renal, renal, or
post-renal. Pre-renal AKI is caused by inadequate renal blood flow
and responds to hydration. Hydration is also used to prevent renal
injury from nephrotoxic agents such as IV contrast for imaging
studies. However, care must be taken to avoid fluid overload and
pulmonary edema in fluid-sensitive patients including those with
decreased cardiac function. Renal AKI is unresponsive to hydration,
and oliguria or anuria may persist for several weeks. Blood pressure
and fluid balance should be tightly controlled, and nephrotoxic drugs
should be discontinued. Depending on the cause of renal AKI,
pharmacotherapy with furosemide, atrial natriuretic peptide, and
low-dose dopamine may be used, but there is a lack of evidence for
their efficacy in preventing or treating renal AKL In the case of post-
renal AKI, obstruction and hydronephrosis are diagnosed by imaging
studies, and the main treatment is relief of the obstruction (12, 116).
Renal replacement therapy (RRT) is required for severe renal
dysfunction. Patients with prolonged oliguria or anuria, for
which RRT is essential for life support, are absolute indications
for RRT. There is no consensus on whether earlier initiation of
RRT improves the prognosis of severe AKI (117-120).

Disease-Specific Treatment

When the cause of AKI is determined, treatment should focus on
correcting it. For example, AKI related to hepatic SOS should be
treated with defibrotide, aggressive attempts to maintain fluid
balance, and possibly methylprednisolone (121, 122).
Prophylactic use of ursodeoxycholic acid (123), defibrotide
(124), and fresh frozen plasma (125) should be considered in
those at high risk of SOS.

There is no established treatment for TA-TMA, but potential
contributing factors should be eliminated when possible. For
example, if an infection is thought to contribute, then treatment
should be directed toward the pathogen, and every effort should
be made to avoid further kidney injury. If CNI therapy is thought
to contribute, then CNI withdrawal or dose reduction should be
considered (62). Plasma exchange may be performed for the
treatment of severe TA-TMA, but the response is usually poor
(126, 127). Other potentially efficacious treatments include
recombinant thrombomodulin (128), defibrotide (129),
rituximab (a monoclonal antibody against CD20) (130), and
eculizumab (a monoclonal antibody against complement C5)
(131). However, none of these have been investigated in large-
scale prospective studies.

Hemorrhagic cystitis (caused by adenovirus or BK virus
infection) may require surgical decompression with a
nephrostomy tube if urinary tract obstruction cannot be
relieved by bladder irrigation from a urinary catheter. The
antiviral drug cidofovir is effective for hemorrhagic cystitis
caused by adenovirus (132, 133) and may be effective for
hemorrhagic cystitis caused by BK virus (134). Ganciclovir
(135) and valganciclovir (136) have also been reported to be
effective against hemorrhagic cystitis caused by adenovirus.

CONCLUSION

AKI is a common complication of HCT and an important
determinant of HCT-related mortality. As described above,
AKI after HCT can be caused by a variety of HCT
complications and by many drugs commonly used before,
during, and after HCT. Furthermore, the agents used to
prevent and treat many HCT-related complications can
contribute to kidney injury. In individual patients, it is
common for several etiologies of AKI to be present at once. In
fact, it is likely that these multiple etiologies act in combination.
Due to the presence of multiple etiologies for AKI, it is often
difficult to quantify the contribution of any one factor in
individual patients. In addition, uncharacterized factors may
also contribute to renal injury after HCT. For instance, the
kidneys are not considered a primary aGVHD target organ,
but recent data suggests that renal aGVHD may cause AKI.
Additional research is needed to identify the factors that cause
AKI in HCT recipients. This research will hopefully improve the
clinical ability to pinpoint specific causes of AKI in individual
patients, and lead to therapies targeting each underlying
pathologic etiology. Such advances in the diagnosis,
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prevention, and treatment of AKI in HCT recipients will
improve the safety of HCT.
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Targeting Glycolysis in Alloreactive

T Cells to Prevent Acute Graft-Versus-
Host Disease While Preserving Graft-
Versus-Leukemia Effect

Ying Huang '™, Yujing Zou ™, Yiqun Jiao?, Peijie Shi'", Xiaoli Nie'?, Wei Huang,
Chuanfeng Xiong ", Michael Choi’, Charles Huang', Andrew N. Macintyre?,
Amanda Nichols®?, Fang Li* Chuan-Yuan Li**°, Nancie J. Maclver?>°T,

Diana M. Cardona’, Todd V. Brennan®, Zhiguo Li®°, Nelson J. Chao ">¢7,

Jeffrey C. Rathmell’° and Benny J. Chen"**

7 Division of Hematologic Malignancies and Cellular Therapy/Bone Marrow Transplantation (BMT), Department of Medicine,
Duke University Medical Center, Durham, NC, United States, 2 Departments of Pharmacology and Cancer Biology, Duke
University Medical Center, Durham, NC, United States, 3 Department of Pediatrics, Duke University Medical Center, Durham,
NC, United States, 4 Department of Dermatology, Duke University Medical Center, Durham, NC, United States, ® Duke
Cancer Institute, Duke University Medical Center, Durham, NC, United States, 6 Department of Immunology, Duke University
Medical Center, Durham, NC, United States, 7 Department of Pathology, Duke University Medical Center, Durham, NC,
United States, 8 Department of Surgery, Cedars-Sinai Medical Center, Los Angeles, CA, United States, © Department of
Biostatistics and Bioinformatics, Duke University Medical Center, Durham, NC, United States, '° Vanderbilt Center for
Immunobiology, Departments of Pathology, Microbiology, and Immunology, Cancer Biology, Vanderbilt University Medical
Center, Nashville, TN, United States

Alloreactive donor T cells undergo extensive metabolic reprogramming to become
activated and induce graft-versus-host disease (GVHD) upon alloantigen encounter. It is
generally thought that glycolysis, which promotes T cell growth and clonal expansion, is
employed in this process. However, conflicting data have been reported regarding the
requirement of glycolysis to induce T cell-mediated GVHD due to the lack of T cell-specific
treatments using glycolysis inhibitors. Importantly, previous studies have not evaluated
whether graft-versus-leukemia (GVL) activity is preserved in donor T cells deficient for
glycolysis. As a critical component affecting the clinical outcome, it is necessary to assess
the anti-tumor activity following treatment with metabolic modulators in preclinical models.
In the present study, we utilized T cells selectively deficient for glucose transporter 1
(Glut179), to examine the role of glycolysis exclusively in alloreactive T cells without off-
targeting effects from antigen presenting cells and other cell types that are dependent on
glycolysis. We demonstrated that transfer of Glut1™© T cells significantly improved acute
GVHD outcomes through increased apoptotic rates, impaired expansion, and decreased
proinflammatory cytokine production. In addition to impaired GVHD development, donor
Glut1™© T cells mediated sufficient GVL activity to protect recipients from tumor
development. A clinically relevant approach using donor T cells treated with a small
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molecule inhibitor of glycolysis, 2-Deoxy-D-glucose ex vivo, further demonstrated
protection from tumor development. These findings indicate that treatment with
glycolysis inhibitors prior to transplantation selectively eliminates alloreactive T cells, but
spares non-alloreactive T cells including those that protect against tumor growth. The
present study has established a definitive role for glycolysis in acute GVHD and
demonstrated that acute GVHD can be selectively prevented through targeting glycolysis.

Keywords: allogeneic hematopoietic cell transplantation, GvHD, T cells, glycolysis, GVL effects, metabolism

INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-HSCT),
which provides donor T cell-mediated protection known as
graft-versus-leukemia (GVL) effect, is a critical curative option
for many types of hematologic malignancies (1, 2). However,
donor T cells that recognize recipient alloantigens can also
contribute to graft-versus-host disease (GVHD), the primary
cause of non-relapse mortality (3). Nonspecific treatments such
as T cell depletion therapies and broad immunosuppressants are
linked to elevated rates of relapse and opportunistic infections
(4-6). Novel approaches are therefore necessary for selectively
targeting alloreactive T cells to preserve non-alloreactive T cells
that mediate anti-tumor immunity.

The current understanding in T cell function is tightly linked
to the metabolic state, prompting the use of metabolic
modulation to dampen harmful inflammatory responses.
Naive, memory T cells and effector T cells adopt distinct
metabolic profiles to support survival and functional
requirements. Previous studies explored manipulation of T cell
bioenergetics to dampen the inflammatory response as a result of
increased dependence on oxidative phosphorylation (OXPHOS)
(7). In the current study, we investigate the potential of targeting
a different metabolic pathway, glycolysis, in acute GVHD
mediated by donor T cells. In contrast to naive and memory T
cells, activated effector T cells become highly dependent on
aerobic glycolysis to fulfill biosynthetic demands for cell
growth and division (8, 9), cytokine production (10, 11), which
promote pathogenic T cell responses in various inflammatory
conditions (12-16). Despite the large body of studies, the role of
glycolysis in the pathogenicity of alloreactive T cells and the
sparing of GVL activity with glycolysis blockade remain poorly
understood (7, 17-20). Previous studies indicated that
alloreactive T cells activated in vivo are primarily dependent
on OXPHOS and fatty acid oxidation (FAO) (17, 18). In
contrast, in vivo studies by Nguyen et al. showed that
alloreactive T cells preferentially utilize glycolysis through
phenotypic analysis (20). However, these studies could not
exclude the dependence of antigen presenting cells (APCs) on
glycolysis due to the systemic treatment with glycolysis inhibitors
(20-23). Non-specific treatments using metabolic inhibitors can
affect the function and survival of other cell types and cannot be
assumed to accurately reflect the biology of alloreactive T cells.
Other groups also demonstrated indirect connections between
glycolysis and T cell-mediated GVHD (24, 25). More
importantly, whether glycolysis inhibition is capable of

preserving anti-tumor effects of non-alloreactive T cells is
unknown. It is imperative to evaluate GVL effects in preclinical
studies to prevent tumor relapse prior to the introduction of
glycolysis inhibitors to the clinical setting.

A model limiting the utilization of glycolysis exclusively in T
cells is necessary to address its role in T cell-driven GVHD and the
preservation of GVL effects. Glucose uptake in T cells can be
facilitated through glucose transporter (Glut) family members
Gluts 1, 3, 6, and 8 (15). Glutl, the primary glucose transporter
in T cells, is upregulated as soon as 2 hours following activation
(15). Transgenic animals that constitutively express Glutl are
susceptible to the development of systemic inflammatory
diseases (26, 27). Given the discordant findings (7, 17, 18, 20),
we previously utilized animals harboring a T cell-specific genetic
deletion for Glut1 (Glut1™™®) to address the role of glycolysis in
GVHD (15). However, whether the effect on disease progression is
a strain-specific phenomenon, the mechanisms leading to the
differences in GVHD development, and impacts on GVL effects
were not examined. Donor T cells derived from these animals
are functionally deficient for glycolysis, allowing for the
examination of glycolysis in T cell-mediated GVHD. In the
current study, we examined the molecular pathways by which
glycolysis modified the pathogenic phenotype of alloreactive T
cells through proliferative response and cell death mechanisms,
demonstrating a key role for glycolysis without confounding
factors from other glycolysis-dependent cell types (21-23). We
also evaluated for the first time the therapeutic potential and
feasibility for the separation of GVL from GVHD through ex vivo
glycolysis inhibition using the small molecule inhibitor, 2-Deoxy-
d-glucose (2-DG).

METHODS

Mice

C57BL/6 (H-2°, CD45.2), C3H/He] (H-2", CD45.2), BALB/c (H-
24, CD45.2), B6.SJL (H-2°, CD45.1) mice were purchased from
Jackson laboratories (Bar Harbor, ME). Glut1™™° (Glut1?® x
CD4“™) mice, Glut1™ mice, and TCR-tg 4C mice are in the
C57BL/6 background as described previously (15, 28-30). Wild-
type (WT) animals include both C57BL/6 and littermate
controls. All mice were maintained in a specific pathogen-free
facility at Duke University. All experimental procedures were
approved by the Institutional Animal Care and Use Committee
(IACUC) of the Duke University Medical Center.

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 751296


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Huang et al.

Glycolysis in GVHD and GVL

Tumor Cell Lines

Luciferase (Luc)- and the enhanced green fluorescent protein
(EGFP)-expressing (Luc-EGFP) BCLI cells, a B-cell leukemia/
lymphoma cell line of BALB/c origin, were a generous gift from
Dr. Defu Zeng (City of Hope, Duarte, CA). A20 cells, another B-
cell leukemia/lymphoma cell line of BALB/c origin, were initially
purchased from ATCC (Manassas, VA). A20 cells expressing the
Luc-EGFP gene were made by lentivirus-mediated gene
transduction. Briefly, 293T cells cultured in Dulbecco’s
Modified Eagle Medium (DMEM) media (Sigma-Aldrich, St.
Louis, MO, USA) were co-transfected with pLEX
(ThermoFisher)-EFla-luciferase-EGFP together with the
packaging plasmids, pMD2.G (a gift from Didier Trono
(Addgene plasmid # 12259) and psPAX2 (A gift from Didier
Trono (Addgene plasmid # 12260)), by calcium phosphate
precipitation. After 24 hours, the DMEM media was replaced
with fresh medium. At 48 hours after transfection, medium
containing lentivirus was harvested and filtered through a 0.45
uM syringe filter. Viral infection was carried out in a 12-well
plate using 5 x 10° A20 cells with 0.5 ml of lentiviral medium
containing 10 pg/mL polybrene (Sigma-Aldrich, St. Louis, MO).
At 24 hours after infection, cells were selected with 1 pug/mL
puromycin for 7 days and clonal Luc-EGFP positive cells were
then selected by FACS sorting. Periodically, cells were treated
with puromycin to weed out cells which had silenced reporter
gene expression.

Murine Cell Preparation and

T Cell Stimulation

Murine total, CD4"%, or CD8" T cells were isolated from
splenocytes by negative selection using mouse Pan T Cell
Isolation Kit II (Miltenyi, Germany). Dendritic cells (DCs)
were isolated from splenocytes using CD1lc Microbeads
UltraPure (Miltenyi). Bone marrow cells were collected from
femurs and tibia by flushing using a syringe and passing through
a strainer. To prepare T cell depleted bone marrow (TCDBM),
bone marrow cells were first incubated with anti-CD90.2
antibody (clone 30H12; BD Pharmingen, CA) on ice for 1
hour. Subsequently, cells were treated with Low Tox-M Rabbit
Complement (Cedarlane, Burlington, Canada) for 1 hour at 37°C
and washed twice for injection. For in vitro T cell stimulation, 7.5
x 10° T cells isolated from donor spleens were incubated in 12
wells, flat-bottomed plates with 1.5 x 10> BALB/c irradiated DCs
(20 Gy) at 37°C in 5% CO, for 16 hours; irradiated BALB/c
splenocytes (20 Gy) were used when indicated. T cells isolated
from the recipient spleens were utilized for in vivo expansion
analyses. For antibody stimulation in vitro, 12 wells, flat-
bottomed plates were coated with goat anti-hamster IgG
antibody (Invitrogen) at 20ug/ml overnight, followed by wash
with PBS prior to stimulation with anti-CD3 at lug/ml (BD
Pharmingen, clone 145-2C11) and anti-CD28 at 0.3ug/ml
(Invitrogen, clone 37.51) antibodies. For metabolic assays, T
cells were co-cultured with BALB/c irradiated DCs or IL-7 (0.3
ng/ml) for 120 hours. For intracellular staining of TNFor, WT or
Glut1"™9 T cells were stimulated with purified BALB/c DCs for
72 hours, with the addition of PMA (Sigma, 20ng/ml),
ionomycin (Sigma, 1uM), and monensin (Thermofisher) 4

hours prior to collection. For ex vivo inhibition assays, 1 x 10°
T cells were first stimulated with irradiated BALB/c splenocytes
(20 Gy) for 16 hours in complete RPMI with 10% fetal bovine
serum. Following 16 hours, T cells were washed and stimulated
with freshly isolated BALB/c splenocytes (irradiated) for an
additional 24 hours, 48 hours, 72 hours, or 96 hours in the
presence of media control or 2-DG at a final concentration
of 8mM.

Human Cell Preparation and T Cell
Stimulation

Human T cells were purified using RosetteSep human T cell
enrichment cocktail (STEMCELLTechnologies, Vancouver,
Canada) from donor peripheral blood mononuclear cells
(PBMCs). T cells (1.25 x 10° cells) were co-cultured with
irradiated PBMCs (20 Gy) from unrelated donors (5 x 10°
cells) for 16 hours, followed by 24-hour incubation with 2-DG,
washed and incubated with PBMC stimulators or Dynabeads
human T-Activator CD3/CD28 for 72 hours (Thermo Fisher,
Waltham, MA). Human samples from de-identified healthy
donors were obtained from American Red Cross under an
approved protocol.

GVHD Model

Recipient mice were lethally irradiated at 9.5 Gy for C3H/He]J,
8.5 Gy for BALB/c, or 10.5 Gy for C57BL/6 mice using a Mark I-
68A ¥"Cs irradiator (JL Shepherd and Associates, San Fernando,
CA) and transplanted via tail vein injection within 4 hours
following irradiation. Recipients were transplanted with 1 x 107
TCDBM cells/mouse from C57BL/6 donors with or without 1 x
10° T cells from WT or Glut1™™ ° mice. Survival, weight change,
skin changes (hair loss and ruffling, erythema), hunching
posture, diarrhea, and activity were monitored daily for clinical
grading. Mice that met humane endpoints were sacrificed
according to Duke University IACUC protocols.

GVL Model

Recipient BALB/c mice were lethally irradiated at 8.5 Gy,
followed by transplantation with 1 x 10’ TCDBM cells/mouse
from C57BL/6 donors with or without T cells from WT or
Glut1™ ™ © mice, along with 5 x 10° Luc-EGFP BCL1 cells or 1 x
10° Luc-EGFP A20 cells. Survival and weight loss were recorded
daily. Recipients were further monitored for tumor growth by
bioluminescent imaging (BLI) and GVHD evidence by skin
changes, activity, posture, and diarrhea. Biopsies were taken
from spleen and liver for evidence of tumor growth. Mortality
due to GVHD or tumor was distinguished by BLI, necropsy, and
histology. In the absence of tumor detection, the cause of death
was ruled as GVHD.

Bioluminescent Imaging

Mice were anesthetized using isofluorane, followed by D-
Luciferin injection (50 mg/kg, PerkinElmer, CT) 10 minutes
prior to imaging. Imaging was performed using a Xenogen IVIS
100 imaging system (Xenogen Corporation, Alameda, CA) for
maximal signal intensity at 5-minute exposure time. Living
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Image 2.5 software (Caliper, Newton, MA) was used for
imaging analyses.

Histologic Analysis

Biopsy samples were taken from skin, small and large intestines,
liver, and spleen and were stored in neutral buffered formalin.
Specimens were embedded in paraffin, cut into 5-um sections, and
stained with hematoxylin-eosin (H&E). Coded slides were
assessed by D.C. single blinded to the GVHD status.
Histological GVHD was graded using a semi-quantitative system
based on histologic changes in the small intestine, colon, skin, and
liver. Histological characteristics used for scoring included
inflammatory infiltrates, apoptosis of keratinocytes, separation of
dermal-epidermal junction, and formation of cleft, follicular
dropout, and fibrosis in the skin; inflammation, apoptosis of bile
duct epithelial cells, apoptosis of hepatocytes, cholestasis, fibrosis,
and parenchyma in the liver; and lamina propria inflammatory
cell infiltrate, crypt regeneration, crypt epithelial cell apoptosis,
crypt loss, mucosal ulceration, and fibrosis in the intestine (31).

Mixed Lymphocyte Reaction

Purified T cells (2.5 x 10° cells) were incubated in 96-wells, flat-
bottomed plates with 5 x 10° irradiated (20 Gy) BALB/c
splenocytes for indicated periods at 37°C in 5% CO,. Cells
were pulsed with 3H—thymidine (1nCi [0.037MBq]/well) 16
hours before being counted by a MicroBeta Trilux liquid
scintillation counter (EG&G Wallac, Turku, Finland).

Metabolic Assays

Extracellular acidification rate (ECAR) and oxygen consumption
rate (OCR) assays were performed using the XF24 extracellular
flux analyzer (Seahorse Bioscience) as previously described (32).
ECAR was measured at indicated time points following
sequential compound injections (10 mM glucose, 1 uM
oligomycin, and 20 mM 2-DG). Basal OCR was measured
prior to compound injection. Glucose uptake assays were
described previously (Wieman et al., 2007). 2-Deoxy-d-[H?]
glucose (2 pCi/reaction) was added to T cell cultures and
quenched by 200 uM phloretin (Calbiochem, San Diego, CA).
Radioactivity of solubilized cell pellets was measured using a
scintillation counter.

Enzyme-Linked Immunosorbent Assay
Supernatants from T cell cultures were collected and assessed by
enzyme-linked immunosorbent assay (ELISA) using antibodies
against interferon y (IFNYy) and interleukin-2 (IL-2) (BD
Pharmingen, San Jose, CA) as described previously (26).

Flow Cytometry

The following antibodies were used to detect surface protein
expression: anti-CD4-PE (clone H129.19), anti-CD4-APC (clone
RM4-5), anti-CD8-PE-Cy7 (clone 53-6.7) were purchased from
BD Pharmingen (San Diego, CA) and BD Biosciences (Franklin
Lakes, New Jersey); anti-CD69-PerCP-Cy5.5 (clone H1.2F3) was
purchased from Biolegend (San Diego, CA). Fixable Viability
Dye eFluor 780 (catalog 65-0865) was used to distinguish viable
cells (eBioscience, San Diego, CA). For intracellular staining,

anti-pS6-PE (eBioscience, clone cupk43k) and anti-Bim-PE
(CST, Danvers, MA, clone C34C5) were used; anti-Mcl-1
(clone Y37) and anti-Noxa (clone 114C307) primary
antibodies were purchased from Abcam (Cambridge, UK).
Secondary antibodies, anti-rabbit IgG Fab2-AF647 (catalog
ab181347) and anti-mouse IgG Fab2-AF647 (catalog
ab169358) were purchased from Abcam. For intracellular
staining, cells were first stained with antibodies for surface
proteins, fixed with 4% PFA, then permeabilized using
0.5% Tween 20 in PBS. For staining of TNFo, eBioscience
Foxp3/Transcription Factor Staining Buffer Set was used
(ThermoFisher). Cells were fixed and permeabilized at 4
degrees Celsius for 30 minutes, followed by washing with 1x
permeabilization buffer, intracellular staining for 20 minutes.
Following staining, cells were washed twice before running. For
secondary staining, secondary antibodies were added following
addition of unconjugated primary antibodies. For isotype
controls, Rabbit IgG XP (R)-PE (CST, catalog 5742S), mouse
IgG1k-PE (BD Pharmingen, clone MOPC-21), Rabbit IgG
(Abcam, ab37415), mouse IgGlk (Abcam, clone B11/6) were
used. For apoptosis assay, the Apoptosis Detection Kit (BD
Pharmingen), which includes Annexin V-PE and 7-Amino-
Actinomycin D (7AAD), was used. Stained samples were
analyzed using FACSCanto Flow Cytometer (BD Biosciences)
and data were analyzed using FlowJo software (Tree Star,
Ashland, OR).

Western Blotting

Cells were lysed with Pierce ™ IP Lysis Buffer (ThermoFischer),
which contains 25mM Tris-HCI pH 7.4, 150 mM NaCl, 1% NP-
40, 1 mM EDTA, 5% glycerol, supplemented with protease
inhibitor (Thermo Scientific) and phosphatase inhibitor
(Thermo Scientific). Cell debris was then removed by spinning
for 5 minutes at 4°C. Protein concentrations were determined
using the Pierce BCA Protein Assay Kit (Thermo Scientific).
Whole cell extracts (50ug of proteins) were fractionated by SDS-
PAGE and transferred to a nitro cellular membrane using a
transfer apparatus according to manufacturer’s instructions
(Bio-Rad). Membranes were blocked with LICOR blocking
buffer, washed and incubated with primary antibodies (1:1000 in
blocking buffer) at 4°C for 12 hours. After washing, membranes
were incubated with a 1:10000 dilution (in blocking buffer) of
fluorescent 700 or 800 anti-rabbit or anti-mouse antibodies for 1
hour at room temperature. Blots were washed with TBST five
times and scanned using LICOR machine. Anti-Puma antibody
(ab9643), anti-Noxa antibody (clone 114C307, ab13654), and anti-
Mcl-1 antibody (clone Y37, ab32087) were purchased from
Abcam. Anti-Mdm2 antibody (clone D-7, sc-13161) was
purchased from Santa Cruz Biotechnology Inc. (Dallas. TX).

Statistics

Data were analyzed using Prism Graphpad (Version 6, San Diego,
CA). Error bars represent mean + SEM. Unpaired two-tailed
student’s ¢ tests, one-way ANOVA with Tukey’s multiple
comparisons test, were utilized for group comparisons. Survival
curve comparisons were performed using Log-Rank (Mantel-Cox)
test. P-values < 0.05 were considered statistically significant.
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RESULTS

Glut1 Is Required for Donor T Cells to
Induce GVHD

We previously demonstrated the role of Glutl in T cell-mediated
acute GVHD using the C57BL/6 — BALB/c major
histocompatibility complex (MHC)-mismatched bone marrow
transplant (BMT) model (15). To confirm that the observation is
not strain-specific, C3H/HeJ recipients were also utilized for the
transfer of Glut1™™ © or wild-type (WT) C57BL/6 T cells to
induce acute GVHD. All WT recipients died from GVHD within
20 days while eight out of ten Glut1™ ™ © T cell recipients survived
long-term (Figure 1A). In addition, Glut1*™° T cell recipients
showed comparable body weight and clinical scores with
TCDBM recipients (Figures 1B, C). Therefore, consistent with
the previous study, these findings further support a key role for
Glutl to promote donor cell pathogenicity.

We further examined whether Glutl is required for CD4" and
CD8" T cells to induce acute GVHD, respectively. In contrast to
WT recipients, both CD4" Glut1™ ™ © and CD8" Glut1"™ ° T cell
recipients survived long-term (Figures 1D, G). However, the

kinetics of GVHD development and target organs affected
differed. Both body weights and clinical scores in CD4"
Glut1"®° T cell recipients significantly improved early
following BMT (Figures 1D-F). In contrast, the kinetics of
GVHD development in CD8" T cell recipients is relatively
delayed, leading to improvement in Glutl™™ © T cell recipients
later during disease progression compared to the control group
(Figures 1G-I). Target organ damage was also assessed by
histology (Figures S1, S2). Both small intestine and colon
exhibited reduced damage in CD4" Glutl™*° compared to
WT recipients (Figures S1A, S2A). In contrast, skin damage
was significantly reduced in CD8" Glut1" ™ recipients (Figures
S1B, $2B). Overall, transfer of either CD4* or CD8* Glut1™™° T
cells significantly improved long-term survival and ameliorated
acute GVHD.

Glut1 Is Required for the Metabolic
Reprogramming and Expansion of
Alloreactive T Cells

T cells rapidly undergo metabolic reprogramming following
activation, prioritizing glucose metabolism to promote growth
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FIGURE 1 | Glut1 is required for donor T cells to induce acute GVHD. Acute GVHD was induced by transplantation of C57BL/6-derived 1 x 10’ TCDBM or along
with 1 x 10® WT or Glut1™® total T cells into lethally irradiated (9.5 Gy) C3H/HeJ recipients (A-C). Lethally irradiated (8.5 Gy) BALBY/c recipients were transplanted
with 1 x 108 WT or Glut1™© CD4* (D-F) or CD8* T cells (G-1), along with 1 x 10’ TCDBM from C57BL/6 donors. Recipients were monitored for survival (A, D, G),
body weight (B, E, H), clinical score (C, F, 1) up to 56 days after transplantation. Data were representative of three experiments. ***P < 0.0001, ***P < 0.001, log-
rank test [n = 10 per group, A; n = 5 per group, (D, G)]; data are shown as mean + SEM (B, C, E, F, H, ), "P < 0.05, “*P < 0.01, **P < 0.001, ***P < 0.0001
(Glut1™KC vs. WT); *P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001(TCDBM vs. WT), 2-tailed Student t test.
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and proliferation (33). We first assessed whether alloreactive
Glut1"9 T cells were able to initiate metabolic reprogramming,
Glut1™™© T cells had significantly decreased glucose uptake
following alloantigen stimulation (Figure 2A). Alloreactive
Glut1"™° T cells were unable to utilize glycolysis, indicated by
ECAR compared to WT T cells during glycolysis stress test
(Figure 2B). Metabolic assays further confirmed deficient
glycolysis (Figure S2A), glycolytic capacity (Figure S2B), and
glycolytic reserve (Figure S2C) of alloreactive Glut1™™© T cells
compared to control. These results suggest that Glut1™ < T cells
display overall significant defects in glucose uptake and glycolytic
metabolism upon alloantigen challenge.

Mammalian target of rapamycin complex 1 (mTORCI)
regulates glucose metabolism through HIFlo and c-Myc to
support biosynthesis and proliferation (33, 34). Although
rapamycin has been shown to dampen GVHD by inhibiting
glycolysis (20), it is unclear whether glucose availability
modulates mTORC1 activity to regulate alloreactive T cell
response. We hypothesize that mTORCI, a nutrient sensor
(34), responds to glucose availability to modulate donor
cell pathogenicity. Alloreactive T cells positive for CD69
expression (Figures S3A and S3B) were assessed for the
phosphorylation status of the small ribosomal subunit
S6 (pS6), a downstream target for mTORCI1 signaling.
Phosphorylation of S6 (Ser235/236) in resting Glutl"™*® T
cells was significantly lower than WT T cells (Figure 2C).
Following stimulation, Glut1®™© T cells demonstrated
profoundly decreased phospho-S6 levels (Figure 2C). Glucose
availability therefore leads to sustained mTORCI activation in
alloreactive T cells.

To determine the requirement for T cell expansion, tritium
thymidine uptake was assessed in MLR. Glutl’™© T cells
displayed drastically impaired thymidine uptake as early as 64
hours following stimulation (Figure 2D). To test whether
glycolysis is required for in vivo expansion upon alloantigen
encounter, T cells were transferred into irradiated allogeneic or
syngeneic recipients. While expansion in syngeneic recipients
did not differ, Glut1™ ™ © T cells exhibited significantly impaired
capacity to undergo expansion compared to WT T cells in
allogenic recipients (Figure 2E). Furthermore, Glut1®™*® T
cells failed to undergo robust proliferation, indicated by the
lack of subsequent generations following divisions (Figure 2F).
Similar defects were observed in CD69" alloreactive Glut1™™° T
cells (Figures S4A, S4B). Glycolysis has also been linked to
cytokine production through the sequestration of cytokine
transcripts (10). Expression of inflammatory cytokines IFNy
and IL-2 was measured in alloreactive T cells. Glut1™™ © T
cells displayed significantly reduced capacity to produce both
cytokines compared to WT T cells (Figure 2G). TNFo
expression was also assessed in WT and Glut1™™*© T cells
following 72 hours of stimulation with purified BALB/c DCs.
While Glut1™™© CD4 T cells exhibited slightly reduced
expression compared to WT group, Glutl™™© CD8 T cells
demonstrated increased TNFo expression relative to WT T
cells (Figure 2H). In summary, we demonstrated that
glycolysis is indispensable for alloreactive T cell expansion and

effector cytokine production, which cannot be rescued by
OXPHOS in Glut1™™° T cells (Figure S2D).

Glut1 Is Required for the Survival of
Alloreactive T Cells
In addition to proliferation, alteration of survival signals is a
potential modulator of pathogenicity. Glutl expression has been
shown to support resting T cell survival through the stabilization
of pro-survival factors (35). To determine whether the apoptotic
pathway is involved in regulating viability in response to glucose
metabolism, we assessed the expression of various candidate
proteins 16 hours following activation by anti-CD3 and anti-
CD28 antibodies. Proteins linked to the apoptotic pathway,
including Mdm2, Puma, and Noxa, were drastically increased
in activated Glut1™ 9 T cells relative to WT control
(Figure 3A). By contrast, the anti-apoptotic protein Mcl-1 was
significantly upregulated compared to WT T cells (Figure 3A).
We further assessed whether glycolysis is also involved in
regulating cell survival in alloreactive T cells. Viability analysis
demonstrated significantly less live Glut1™™ © T cells compared to
WT T cells following alloantigen stimulation in vitro (Figure S5A).
Apoptosis was subsequently assessed using Annexin V and 7AAD
staining. While both CD4" and CD8" alloreactive Glut1" ™ T cells
underwent increased apoptosis compared to WT T cells, the
apoptosis kinetics differed. CD8" CD69" Glutl” *© T cells
appeared to undergo apoptosis earlier than CD4" CD69" T cells
inferred from percentages of Annexin V" cells (Figure 3B).
Regulation of pro-apoptotic and anti-apoptotic protein
expression can alter the survival outcome in response to
cellular stress. Impaired glucose metabolism can lead to
apoptosis in response to endoplasmic reticulum (ER) stress
mediated by Bim, a pro-apoptotic Bcl-2-family protein (36).
Bim expression is higher in Glut1"™° T cells compared to WT T
cells in both freshly isolated state and activated state (Figures
S$5B and 3C). Though the demand for glycolysis is lower in
resting T cells compared to activated T cells, a minimal rate of
glycolysis is still required to meet basal energy demands (26),
potentially contributing to the difference in baseline Bim
expression. Regulation of anti-apoptotic Bcl-2 proteins such as
Mcl-1 can also regulate survival (35, 37) Alloantigen-stimulated
Glut1™ © T cells failed to provide adequate survival signal
through Mcl-1 compared to WT T cells (Figure 3C).
Differences in Mcl-1 expression were readily detected in both
anti-CD3 and anti-CD28 antibody activated T cells and
alloreactive T cells (Figures 3A, D). Baseline differences in
Mcl-1 expression between WT and Glutl™™© T cells were
detectable using Western blots (Figure 3A) but not flow
cytometry (Figure S5C), which can be attributed to variation
in detection sensitivity between methods of detection. In
addition, the balance of Mcl-1 and Noxa, a BH3-only pro-
apoptotic factor and a binding partner for Mcl-1, can be
regulated by glucose availability (38). Since Noxa expression
was reduced in the presence of both anti-CD3 + anti-CD28
antibodies as well as alloantigens (Figures 3A and S5D), the
skewed Noxa/Mcl-1 ratio may render Glutl”™° T cells more
prone to apoptosis.
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FIGURE 2 | Glut1 mediates the expansion of alloreactive T cells. WT or Glut1 THKO T cells were stimulated with BALB/c dendritic cells. After 5 days in culture, glucose uptake
was measured (A). ECAR was assessed with the addition of glucose (gluc), oligomycin (olig), and 2-DG (B). WT or Glut1™© T cells were stimulated for 16 hours using BALB/
¢ DCs and analyzed by flow cytometry for phospho-S6 levels in CD69* T cells (C). Expansion in vitro was measured by H-TdR incorporation assay at indicated time points
after culture (D). Expansion in vivo was measured in T cells isolated from the spleen seven days after transplantation with 1 x 107 TCDBM from B6.SJL donors and 1 x 10°
WT or Glut1™© T cells on the C57BL/6 background into BALB/c recipients (E). T cell proliferation following isolation from the spleen was analyzed (eft panel) and measured
by frequency (right panel) 58 hours following transfer of CellTrace Violet (CTV)-labelled T cells along with B6.SJL TCDBM into BALB/c recipients (F). IFNy and IL-2 production
were assayed by ELISA using supematants from T cell cultures (G). (H) WT or Glut1™™© T cells were stimulated with purified BALB/c DCs for 72 hours, with the addition of
PMA (20ng/ml), ionomycin (1uM), and monensin 4 hours prior to intracellular staining for TNFa. Data are representative of two (F, n = 3) or three experiments (n = 3, A-D, and

G; n =5, Eand F) and are shown as mean + SEM (B-F). *P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001 (Glut1™ vs. WT), 2-tailed Student t test.

Glut1 Deficiency in Donor T Cells
Ameliorates GVHD While Preserving
GVL Effects
It is crucial for GVHD treatments to selectively inhibit
alloreactive T cells without compromising the GVL eftect. To
test the effect of glycolysis inhibition on GVL preservation,
lethally irradiated BALB/c recipients were engrafted with WT
or Glut1™™© T cells, TCDBM, accompanied by challenge with
BCLI cells, a BALB/c-derived leukemia/lymphoma cell line.
TCDBM + BCLI group succumbed to tumor challenge within
31 days following transplantation (Figures 4A, B), indicated by
BLI (Figure 4C). Histology analysis further confirmed metastatic
invasion of the liver parenchyma, indicated by enlarged and
hyperchromatic nuclei of neoplastic cells (Figure 4D). While

Glutl deficiency did not completely protect recipients from
GVHD as evidenced by gradual weight loss (Figure 4B),
analyses of target organ histology indicated lower pathological
scores in the skin and large intestine (Figures $6). Furthermore,
transfer of 1 x 10° Glut1™™° T cells significantly improved long
term survival in majority of recipients compared to both TCDBM
+ BCL1 and WT T cell recipients, which all died from tumor or
GVHD (Figures 4A-E). BLI analysis and necropsy revealed that
Glut1"™®© recipients remained tumor-free, demonstrating the
preservation of GVL effects (Figures 4C-E). In contrast, all WT
T cell recipients succumbed to GVHD within 100 days
(Figure 4E). To confirm that the GVL effect of Glut1™° T
cells is not restricted to a specific tumor model, a second
lymphoma cell line of BALB/c origin (A20) was used to evaluate
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FIGURE 3 | Glut1 modulates alloreactive T cell survival. (A) Freshly isolated WT or Glut1™© T cells or those stimulated with anti-CD3 (1ug/ml) and anti-CD28
(0.3ug/ml) antibodies for 16 hours were assessed for the expression of Mdm2, Puma, Noxa, and Mcl-1 using Western blotting (upper panel). Results were quantified
for fresh T cells and antibody-stimulated T cells (lower panel) (n = 3, one-way ANOVA with a Tukey’s multiple comparisons test). (B) WT or Glut1™® T cells were
stimulated for 16 hours by irradiated (20 Gy) BALB/c DCs and analyzed by flow cytometry for Annexin V. and 7AAD. T cells were gated on CD69* CD4" or CD8" T
cells. Bim (C) and Mcl-1 (D) expression were evaluated. Data are representative of three experiments (n = 3) and are shown as mean + SEM. *P < 0.05, *P < 0.01,
P < 0.001, ***P < 0.0001, 2-tailed Student t test.

protection against tumor development. Transfer of Glut1™™° T

cells significantly improved survival compared to TCDBM + A20
and WT recipients (Figure 4F). While body weights of Glut1™
recipients were lower than that of TCDBM control groups due to
GVHD, they were significantly higher than WT recipients,
demonstrating ameliorated GVHD development (Figure 4G).

BLI analyses and necropsy showed that tumor growth was
absent in all Glut1" ™ recipients (Figures 4H, I), recapitulating
protection against tumor using a different tumor model. A low
dose of Glut1"™° T cells was also tested using the BCL1 tumor
model and provided limited protection against tumor
development (Figure S7), suggesting a role for glycolysis in
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FIGURE 4 | Transfer of Glut1™© T cells inhibits GVHD development and spares GVL activity. Lethally irradiated (8.5 Gy) BALB/c recipients were transplanted with 1 x
10° WT or Glut1 ™ © T cells, along with 1 x 107 TCDBM and 5 x 10° BCL1 cells. Recipients were monitored for survival (A) and body weight (B) up to 100 days after
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(D) from recipients was assessed (time at sample collection: TCDBM + BCL1, day 21; WT, day 27; Glut1™©, day 105). Cause of death due to GVHD or tumor
development was summarized (E). (F) Lethally irradiated (8.5 Gy) BALBY/c recipients were transplanted with 1 x 10° WT or Glut1™ T cells, along with 1 x 10’ TCDBM
and 1 x 10° A20 cells. Recipients were monitored for survival (F) and body weight (G) up to 100 days after transplantation. Development of leukemia/lymphoma (H) was
monitored by BLI. Cause of death due to GVHD or tumor development was summarized (I). **P < 0.001, ***P < 0.0001, log-rank test (A, F); *P < 0.05, **P < 0.01,
=P < 0.0001 (GIUt1T-KO vs. WT); *P < 0.01 (TCDBM vs. WT), 2-tailed Student t test (B, G). Data are representative of three experiments (n = 10 per group, 1 x 108
T cell recipients).
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GVL. However, this limitation can be overcome by increased dose
of Glut1"™ © T cells, indicating that glycolysis is not absolutely
necessary for donor T cells to exert anti-tumor effects. Collectively,
these data indicate that transfer of Glut1™™ © T cells at sufficient
concentrations is capable of preventing tumor growth and
mortalities caused by GVHD, supporting the hypothesis that
glycolysis targeting selectively inhibits alloreactive T cells.

Inhibition of Glycolysis by 2-DG Selectively
Targets Murine and Human Alloreactive

T Cells In Vitro

A clinically-relevant approach for glycolysis inhibition to
ameliorate GVHD has been previously explored, though
systemic treatments (20) can induce toxicity in the brain and
skeletal muscles (39-41). To improve treatment specificity,
donor T cells can be treated ex vivo in the presence of
recipient alloantigens. A panel of small molecule inhibitors
were evaluated for inhibition of alloreactive T cell proliferation.
Both glucose analogs, fludeoxyglucose (FDG) and 2-DG,
remarkably suppressed donor T cell response following
stimulation (Figure 5A). The same effect was observed for 2-
DG when the T cell response was measured by the number of
CD69-expressing activated T cells (Figure S8A, S8B). 2-DG also
showed potent inhibitory effect on 4C CD4" T cells bearing
transgenic T cell receptors (TCR-tg) specific for BALB/c
alloantigens (Figures S8C, S8D). The Glutl inhibitor,
WZB117, also inhibited alloresponse (Figure 5A). As 2-DG
has been shown to dampen inflammatory T cell response and
given its wide accessibility in clinical trials, 2-DG was selected for
subsequent assays (42-45).

Incubation of recipient antigen-stimulated donor T cells with
glycolysis inhibitors prior to BMT can spare non-alloreactive T
cells, reducing toxicity to graft recipients and selectively
suppressing alloresponse (Figure 5B). Incubation with 2-DG
selectively triggered apoptosis in activated alloreactive T cells,
indicated by a profound and consistent increase in AnnexinV"
populations and a corresponding decrease in the absolute
number of alloreactive CD4 T cells (Figures 5C, D, upper
panels). In contrast, 2-DG did not impact cell death outcomes
in non-activated T cells treated with IL-7 (Figures 5C, D, lower
panels). Similar findings were observed in alloantigen-stimulated
versus IL-7-treated CD8 T cells (Figure S9). Following 2-DG
incubation, secondary challenge with either alloantigens or anti-
CD3- and anti-CD28-coated beads demonstrated that only
alloresponse was significantly inhibited (Figure 5E).
Importantly, as inhibition occurs exclusively during the ex vivo
stimulation process, suppression of alloresponse by 2-DG
prevents toxicity due to non-specific systemic treatments.
Similarly, to test the efficacy in human T cells, purified donor
T cells were first primed with irradiated PBMCs from irrelevant
allogeneic donors, incubated with 2-DG, and followed by PBMC
rechallenge or anti-CD3 and anti-CD28 antibody stimulation.
Alloreactive responses underwent a dose-dependent reduction
compared to non-specific stimulation, indicating that the
proliferative capacity of alloreactive T cells is highly dependent
on the ability of T cells to perform glycolysis (Figure 5E).

Therefore, the optimal concentration of 2-DG at 8mM was
utilized for subsequent in vivo assays.

2-DG-Mediated Inhibition of Glycolysis

Ex Vivo Significantly Reduces GVHD

While Preserving GVL Effects

Given that Glut1™ © T cells preserved GVL effect and the
promising in vitro data, we next tested the therapeutic potential
of T cell-specific glycolysis inhibition using a clinically relevant
model. Alloantigen-activated T cells were treated with 2-DG as
shown in Figure 5B for 24-96 hours, followed by transfer into
recipients along with TCDBM and BCLL1 cells. Ex vivo inhibition
for 24 hours demonstrated limited potency in GVHD prevention,
while longer incubation periods (48-96 hours) with 2-DG
significantly limited GVHD development without impairing
GVL activity as demonstrated by survival, body weight, BLI
tumor screening, and clinical scores (Figures 6A-D and S10A,
B). Body weights of 72-hour-treated T cell recipients were
significantly higher than those receiving media control T cells
later following transplantation (Figure 6B). Interestingly,
recipients for donor T cells treated with 2-DG for 48 hours
gained an optimal survival advantage compared to those
receiving uncultured and untreated T cells and those incubated
with media control, resulting in the least amount of deaths by
proportions caused by GVHD (Figures 6A, D). Protection against
both GVHD and tumor development conferred by 48-hour-
treated T cells was further assessed in a second tumor model
using the A20 cell line. Ex vivo 2-DG treatment significantly
improved survival compared to TCDBM + A20, WT T cell,
and media control recipients (Figure 6E). Furthermore, transfer
of 2-DG-treated T cells improved body weight compared to
WT T cell recipients, as well as exhibiting reduced GVHD
severity relative to both WT and media control recipients
(Figures 6F and S10C). Together with BLI analyses and
necropsy results (Figures 6G, H), we demonstrated that GVHD
and tumor development can be attenuated using ex vivo 2-DG
treatment. The results from these experiments provide further
evidence that targeting glycolysis in alloantigen-specific T cells ex
vivo preserves T cell response against irrelevant antigens,
potentially providing protection against malignancies and
opportunistic pathogens.

DISCUSSION

Activated T cells are dependent on aerobic glycolysis to support
growth, division, and effector functions (9, 19, 46). Previous
studies revealed conflicting results regarding the role of glycolysis
in the pathogenesis of T cell-mediated GVHD (7, 15, 17, 18, 20).
In the current study, we utilized T cells genetically deficient for
Glutl to directly demonstrate the requirement for glycolysis in
donor T cell-mediated acute GVHD without affecting glycolysis
in antigen presenting cells. We established that glycolysis
modulates the magnitude of T cell response through
proliferation and survival. We further demonstrated ex vivo
glycolysis inhibition that specifically targets alloreactive T cells
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FIGURE 5 | 2-DG treatment selectively suppresses alloreactive T cells. WT or Glut1™© T cells were stimulated for O hour, 16 hours, 40 hours, or 64 hours using
irradiated (20 Gy) BALB/c splenocytes, followed by the addition of various concentrations of small molecule inhibitors and cultured for a total of 112 hours for the
assessment of thymidine incorporation. T cell response was determined following the addition of FDG or media only (H-O), 2-DG or media only (H-O), WZB117 or
media only (EtOH) (A). Schematic diagram of T cells stimulated with irradiated MHC-mismatched APCs for 16 hours, followed by the addition of various concentrations
of 2-DG, washed, then rechallenged with alloantigens or anti-CD3 and anti-CD28 antibodies (B). WT T cells were first stimulated with irradiated (20 Gy) BALB/c DCs for
16 hours, followed by incubation with freshly isolated irradiated DCs in the presence of media control or 8mM 2-DG for 24-96 hours; WT T cells were cultured in IL-7
(10ng/ml) for 16 hours plus 24-96 hours, and analyzed for Annexin V and 7AAD (C, D). T cells were gated on CD4* CD69™ for alloantigen-stimulated samples and CD4*
for IL-7-treated samples. (E) The proliferative response of mouse (left panel) and human T cells (right panel) cultured according to (B) was measured by °H-TdR
incorporation assay. *P < 0.05, **P < 0.001, ***P < 0.0001, 2-tailed Student t test; data are representative of two experiments (n = 3 per group).
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to prevent acute GVHD while sparing GVL effect as a
preventive approach.

Several studies reported that elevated glucose metabolism is
strongly associated with donor T cell-mediated GVHD (47, 48).
Positron emission tomography studies revealed that glucose
analog uptake is correlated with donor cell infiltration and
GVHD symptoms (48). A retrospective single-cell RNA
sequencing study identified upregulated genes encoding
glycolytic enzymes in GVHD patients (47). Despite the
phenotypic analyses and the existing paradigm for the
dependence of activated T cells on glycolysis, other groups
reported that alloreactive T cells in vivo are less glycolytic and
are primarily dependent on oxidative metabolism, namely FAO
(7, 17, 18). However, the absence of conditioning-associated
tissue damage in these models contributes to limited release
of inflammatory cytokines during the priming phase of T cells,
subsequently altering the regulation of metabolic reprogramming
and inflammatory response. Moreover, the evaluation of key
glycolysis parameters and contribution of homeostatic expansion
were not addressed. Contrary to this report, Nguyen et al. used a
comprehensive metabolite analysis to demonstrate that
alloreactive T cells derived from an irradiated model highly
upregulate glycolysis compared to syngeneic recipients. The
administration of glycolysis inhibitors in recipients alleviated
disease progression. However, the systemic treatment led to oft-
target effects that compromised efficacy that could be attributed to
organ toxicity (20). Functional studies that specifically target
glycolysis in T cells are therefore necessary to address the role of
glycolysis in GVHD pathogenesis. To this end, we utilized donor T
cells genetically deficient for Glutl, a major glucose transporter in
activated T cells. We showed that in contrast to WT T cells,
Glut1™™© alloreactive T cells showed significantly impaired
capacity to adopt aerobic glycolysis (Figures 2A, B and S2A-
$2C). Transplant experiments using Glut1™ ™ T cells remarkably
prevented acute GVHD-associated clinical traits and improved
survival (Figure 1). Glycolysis is required for both CD4" and
CD8" T cell-mediated pathogenesis as transfer of Glut1" *© CD4"
or CD8" T cells showed significant increase in body weight,
reduced clinical score and target organ damage compared to
controls (Figure 1). However, disease kinetics and target organ
damage differed due to difference in natural disease progression
associated with the transfer of CD4" versus CD8" T cells, with
rapid improvement of disease progression and alleviated
gastrointestinal tract damage in CD4" T cell recipients
compared to delayed disease resolution and reduced skin
damage in CD8" T cell recipients. It was observed that the
Glut1"™° T cell recipients in the C57BL/6 — BALB/c setting
(Figures 1D-I, 4) had not completely recovered their body
weights when they were sacrificed after day +100. Even though
we did not observe obvious signs of chronic GVHD at necropsy
(data not shown) and histological analysis (Figure S1, S6), these
observations do raise a question whether this strategy has any
impact on chronic GVHD. More comprehensive analyses using
chronic GVHD models will be needed to answer this question.
Taken together, the above experiments demonstrated dramatically
improved long-term survival compared to recipients of donor cells

with intact glycolysis, providing solid evidence that glycolysis is
selectively required for acute GVHD development.

mTORCI activation has been shown to support cell growth,
proliferation, and T.g functions by promoting translation and
anabolic metabolism (19, 49-51). Nguyen et al. showed that
mTORCI1-deficient T cells have reduced ability to induce
GVHD, accompanied by a less glycolytic phenotype (20).
However, it remains unclear whether the utilization of
glycolysis directly promotes mTORCI signaling in alloreactive
T cells. As a sensor for metabolic cues, mTORCI activity can be
modulated by glucose availability (8). Consistently, the current
study (Figure 2C) demonstrated impaired mTORCI activation
as a direct consequence of impaired glycolysis. Additionally,
mTORCI activity is negatively regulated by AMPK, an energy
stress sensor that promotes catabolic pathways including FAO
and OXPHOS (52).

Glycolysis has been implicated to support survival as well as
antigen-specific expansion (15). We first assessed the impact on
T cell expansion. In vitro experiments indicated a profound
defect in clonal expansion of alloreactive T cells upon antigen
stimulation (Figure 2D). This observation was recapitulated in
vivo by the numbers of donor T cells recovered (Figure 2E) and
percentages of divided donor cells using proliferation dye
(Figure 2F). The difference in response was exclusively seen in
allogeneic recipients but not syngeneic controls (Figure 2E),
indicating that alloreactive T cells are dependent on glycolysis for
proliferation. Modulation of inflammatory cytokine secretion is
also a critical determinant of T cell pathogenicity. Previous
studies demonstrated a role for glycolytic enzymes in the
translational regulation of inflammatory cytokines by
engaging/disengaging glycolysis upon TCR crosslinking (10,
11). Glycolysis inhibition has also been linked to diminished
cytokine production in previous studies, where 2-DG was
systemically delivered to BMT recipients (20). However,
glycolysis is also required for DC maturation and migration
(21-23). Proliferative T cell response can be severely impaired
when activated by DCs previously treated with 2-DG (23). In the
currently study, we directly demonstrated defects in both
proliferation and inflammatory cytokine production in Glut1™
KO alloreactive T cells without simultaneously targeting non-
T cells.

Glut1™™ 9 T cells previously demonstrated reduced viability
compared to WT control after stimulation with plate-bound
antibodies (15). To determine whether apoptosis is involved in
increased cell death of Glutl™™ © T cells, we assessed the
expression of proteins involved in the regulation of apoptotic
pathway, including Mdm2, Puma, Noxa, and Mcl-1. Proteins
linked to the induction of apoptotic pathway were significantly
upregulated as opposed to downregulation of the anti-apoptotic
Mcl-1 in activated Glut1*™° T cells compared to WT control
(Figure 3A). Specifically, Puma, which is sensitive to rapid
upregulation in response to glucose deprivation to promote
apoptosis (53), was drastically induced in Glut1™™*° T cells,
suggesting that glycolysis plays a critical role in regulating
apoptosis in activated T cells. We also assessed Mdm?2
expression due to its role in regulating cellular stress response

Frontiers in Immunology | www.frontiersin.org

139

February 2022 | Volume 13 | Article 751296


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Huang et al.

Glycolysis in GVHD and GVL

and apoptosis. We demonstrated that Mdm?2 is significantly
increased expression in Glut1™ © T cells (Figure 3A). We
further evaluated whether alloreactive T cells are susceptible to
apoptosis due to nutrient availability and cellular stress in the
context of glycolysis. Annexin V and 7AAD staining confirmed
that activated alloreactive Glut1” ™ T cells are prone to undergo
apoptosis (Figure 3B). BH3-only Bcl-1 family members,
including Bim, has been implicated in lymphocyte cell death
during prolonged glucose deprivation (53). We showed that
alloreactive Glutl™ ™ T cells upregulate Bim expression
(Figure 3C), an indicator for ER stress and disruption of
glucose metabolism (36, 53, 54). Mcl-1, a prosurvival factor, is
also linked to glycolysis and metabolic stress (35, 38, 55).
Regulated post-translationally, Mcl-1 is rapidly stabilized
following TCR crosslinking (56, 57) and couples with Noxa to
modulate the apoptosis threshold (38). With a short half-life of
30 min, Mcl-1 has a rapid turnover rate and is highly sensitive to
changes in global translation downstream of mTORC1 (58).
Indeed, Glut1™™ © T cells are incapable of sustaining mTORCI1
activation (Figure 2C) and Mcl-1 expression (Figure 3D) during
alloantigen challenge. It is possible that Mcl-1 expression is
regulated by mTORCI in response to glucose utilization
to regulate T cell survival. Overall, the above findings
demonstrate increased apoptosis induction in activated Glut1™™*©
T cells compared to WT control. Interestingly, a previous study
showed that viability was only slightly reduced in T cells following
stimulation in the presence of 2-DG (59). While these findings
appear to be contradictory to the current study, this is potentially
attributed to the difference in 2-DG concentration as a higher
concentration was used in the current study. Importantly, the
timing of 2-DG addition is different. Whereas 2-DG was added at
the beginning of stimulation in the previous study, the current
assays involved 2-DG addition 16 hours following stimulation,
which preferentially affects already activated T cells that are highly
sensitive to glycolysis usage.

Since allo-HSCT is the primary curative option for malignant
leukemia and lymphomas, it is critical to assess the impact of
glycolysis inhibition on GVL activity. Our results demonstrated
for the first time that Glutl®™®® T cells provide superior
protection in recipients against tumor growth compared to
TCDBM + tumor recipients (Figures 4C, H). Although GVHD
was not completely eliminated with transfer of Glut1™™ T cells,
both survival and body weight are significantly improved in
comparison to WT T cell recipients (Figures 4A, B, F, G). The
reduced but detectable GVHD development (Figures 4B and S6)
in Glut1"™° T cell recipients may be contributed by metabolic
processes other than glycolysis, including glutaminolysis and
pentose phosphate pathway (20), hence simultaneous targeting
of the above pathways is likely to further improve the abrogation
of GVHD. However, the data support that Glut1™ ™ © T cell retain
the capacity to eliminate tumor development (Figures 4C, H).
Previous studies suggest that expression of cytotoxic granules,
such as granzyme B and perforin in CD8" T cells, are not
regulated by aerobic glycolysis (11), potentially mediating GVL
effect in Glut1" ™ © T cells. Despite the earlier onset of apoptosis in
glycolysis-inhibited alloreactive CD8" T cells compared to CD4"

T cells (Figure S9B), ex vivo stimulated T cells were capable of
controlling tumor development and improving survival outcome
compared to TCDBM + tumor and untreated donor T cell
recipients (Figure 6).

Furthermore, Glut1™™° CD8" T cells, which exhibited higher
TNFo. expression compared to control T cells (Figure 2H),
suggesting a potential contribution to tumor killing mediated by
Glut1™™° CD8" T cells. Glut1"™© T cells may also be able to
facilitate GVL without meeting the threshold for GVHD
induction, as the T cell dose to induce GVHD appears to be 10-
fold higher than GVL in clinical studies (60-63). IFN-y production
(Figure 2G) and OXPHOS-dependent memory T cells can also
contribute to GVL activity (64-66). Collectively, we showed that T
cells with impaired glycolysis retained the capacity to prevent
tumor development in allogeneic recipients. Interestingly, studies
by Uhl demonstrated that leukemia-derived lactic acid interferes
with both glycolysis and OXPHOS in T cells, leading to reduced
protection against tumor, which appears to be contradictory to the
current finding (67). However, Glutl™™© T cells demonstrate
comparable basal OCR level to WT control (Figure S2D),
suggesting that the preservation of OXPHOS may be critical for
GVL preservation in Glutl™™ © T cell recipients. In regard to the
metabolic flexibility of T cells, previous studies showed that
glucose deprivation in activated T cells can be partially
compensated by increased respiration (59). In addition, a recent
study demonstrated that CD8" T cells can utilize inosine as an
alternative carbon source when glucose utilization is restricted to
mediate tumor-killing in xenograft models (68). Hence it is
possible that the metabolic plasticity of CD8" T cells contributes
to GVL preservation when glycolysis is impaired.

To evaluate the therapeutic potential in a clinically-relevant
setting, we sought to assess selective inhibition of alloreactive T
cells to remedy off-target effects on other cell types that utilize
glycolysis. In line with this approach, we and others previously
examined ex vivo treatments to eliminate T cells activated by
recipient antigens (69-71). In the currently study, 2-DG strongly
induced apoptosis in activated alloreactive T cells (Figure 5C).
We further validated this approach using both murine and
human models, where alloresponse was subdued upon
alloantigen rechallenge while response against nonspecific
stimulation remained intact (Figures 5D, E). The ex vivo assay
using 2-DG also demonstrated the translational value of targeted
glycolysis inhibition prior to transplantation (Figures 6A-D). As
expected, recipients of control T cells treated with media only
demonstrated reduced survival with increased incubation time.
In contrast, optimal 2-DG inhibition for 48 hours yielded
significantly improved survival without losing GVL effect
compared to recipients of untreated T cells or those treated
with media control. Protection against both tumor and GVHD
development through 2-DG inhibition for 48 hours was further
evaluated using a second tumor model with the A20 cell line,
highlighting the therapeutic potential of ex vivo glycolysis
inhibition (Figures 6E-H). Overall, we observed that the
desired efficacy for acute GVHD suppression and GVL can be
achieved through selective inhibition of alloreactive T cells ex
vivo (Figure 6).
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FIGURE 6 | 2-DG treatment ameliorates GVHD and preserves GVL effect. 1 x 10° T cells from C57BL/6 donor spleens were first stimulated for 16 hours with
irradiated BALB/c splenocytes, followed by addition of 8mM 2-DG or media control for indicated periods. T cells treated ex vivo or untreated control T cells at the
same dose were transplanted into BALB/c recipients, along with 1 x 10” TCDBM from C57BL/6 donors and 5 x 10° BCL1 cells. Recipients were monitored for
survival (A), body weight (B), and tumor growth in TCDBM and TCDBM + BCL1, 24-hour, 48-hour and 72-hour media control or 2-DG-treated groups. Tumor
development was detected using BLI imaging on day 14 and day 28 following transplantation (C). Cause of death due to GVHD or tumor development was

summarized for different groups (D). 1 x 108 T cells treated as shown in (A) for 48 hours or untreated control T cells at the same dose were transplanted into BALB/
¢ recipients, along with 1 x 10”7 TCDBM from C57BL/6 donors and 1 x 10° A20 cells. Recipients were monitored for survival (E), body weight (F), and tumor growth
(G). Cause of death was summarized for various groups (H). *P < 0.05, **P < 0.01, ***P < 0.001, log-rank test; data are representative of two experiments (n = 15
per group, recipients for 24-hour and 48-hour ex vivo cultured T cells; n = 5, recipients for 72-hour and 96-hour ex vivo cultured T cells).
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In summary, by using T cells genetically incapable of utilizing
glycolysis, we demonstrated that glycolysis is definitively
required for alloreactive T cells to induce acute GVHD. We
further established a role for glycolysis in promoting donor T cell
pathogenicity through regulating proliferation, cell death, and
proinflammatory cytokine production. One potential limitation
of 2-DG glycolysis inhibition in the clinical setting is its
application as a preventative procedure but not as a curative
treatment due to toxicity if administered systemically. However,
reagents better tolerated for allogeneic BMT with low toxicity
can be used as a curative treatment, including 3-(3-pyridinyl)-1-
(4-pyridinyl)-2-propen-1-one, which has been assessed in a
murine GVHD model (20). Overall, the current study
demonstrated that we can target glycolysis in alloreactive T
cells to prevent acute GVHD without losing the GVL activity.
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