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Introduction

Summary

The immunosuppressant rapamycin (RAPA) inhibits mammalian target of
rapamycin (mTOR) functions and is applied after allogeneic bone marrow
transplantation (BMT) to attenuate the development of graft-versus-host
disease (GVHD), although the cellular targets of RAPA treatment are not
well defined. Allogeneic T cells are the main drivers of GVHD, while im-
munoregulatory myeloid-derived suppressor cells (MDSCs) were recently
identified as potent disease inhibitors. In this study, we analyzed whether
RAPA prevents the deleterious effects of allogeneic T cells or supports
the immunosuppressive functions of MDSCs in a BMT model with major
histocompatibility complex (MHC) classes I and II disparities. RAPA treat-
ment efficiently attenuated clinical and histological GVHD and strongly
decreased disease-induced mortality. Although splenocyte numbers in-
creased during RAPA treatment, the ratio of effector T cells to MDSCs
was unaltered. However, RAPA treatment induced massive changes in the
genomic landscape of MDSCs preferentially up-regulating genes responsible
for uptake or signal transduction of lipopeptides and lipoproteins. Most
importantly, MDSCs from RAPA-treated mice exhibited increased immu-
nosuppressive potential, which was primarily inducible nitric oxide synthase
(iNOS)-dependent. Surprisingly, RAPA treatment had no impact on the
genomic landscape of T cells, which was reflected by unchanged expres-
sion of activation and exhaustion markers and cytokine profiles in T cells
from RAPA-treated and untreated mice. Similarly, T cell cytotoxicity and
the graft-versus-tumor effect were maintained as co-transplanted tumor
cells were efficiently eradicated, indicating that the immunosuppressant
RAPA might be an attractive approach to strengthen the immunosuppres-
sive function of MDSCs without affecting T cell immunity.
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MDSCs, rapamycin

the requirements to reduce the risk of target tissue destruc-
tion while maintaining T cell immunity and GVT activity.

Graft-versus-host disease (GVHD) still represents the major
complication after allogeneic bone marrow transplantation
(BMT), resulting in life-threatening complications for the
recipient. GVHD occurs when T cells in the transplant
become activated by alloantigens and subsequently destroy
recipient tissues. However, allogeneic T cells are required for
residual tumor eradication [= graft-versus-tumor (GVT)
effect] [1]. Therefore, GVHD therapies must comply with

The macrolide rapamycin (RAPA) is known for its
immunosuppressive properties, as it inhibits mTOR
(mammalian target of rapamycin), a master regulator
of protein synthesis, metabolism, proliferation and dif-
ferentiation. mTOR exists in two independent cellular
multi-protein complexes - mTORC1 and mTORC2. RAPA
forms a complex with its intracellular receptor FK506-
binding protein (FKBP12) to specifically inhibit mTORCI.

© 2020 The Authors. Clinical & Experimental Inmunology published by John Wiley & Sons Ltd on behalf of British Society 407

for Immunology, Clinical and Experimental Immunology, 202: 407-422

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution
and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.


https://orcid.org/0000-0002-0674-1059
mailto:﻿
mailto:gudrun.strauss@uniklinik-ulm.de
http://creativecommons.org/licenses/by-nc/4.0/

J. Scheurer et al.

RAPA effects on mTORC2 are variable, and require
prolonged treatment [2,3]. mTOR activity affects dif-
ferentiation and functions of various innate and adaptive
immune cells involved in GVHD development. Activity
of the mTOR complex is vital for the differentiation of
CD4* T helper type (Th)1l, Th2 and Thl7 subsets and
effector CD8* T cells [4,5], as well as for the matura-
tion of dendritic cells [6]. The induction of immuno-
suppressive cells, however, requires mTOR inactivity.
De-novo differentiation of regulatory T cells (T,,) in
vivo and in vitro is supported by RAPA [4,7,8]. Recently,
an activating effect of RAPA on the organ-specific recruit-
ment, expansion and activation of myeloid-derived sup-
pressor cells (MDSCs), a subset of immune suppressive
cells of myeloid origin, was also reported [9-13], although
few studies describe the requirement of mTOR activity
for MDSC functionality [14-17].

Murine MDSCs, which develop under inflammatory
conditions, are characterized by granulocyte marker 1 (Gr-1)
and CD11b expression and subdivided into two subsets,
depending on the Gr-1 epitope [lymphocyte antigen 6
(Ly-6)C or Ly-6G] expressed. Monocytic (mMDSC;
CD11b*Ly6G Ly6CMe") as well as granulocytic (gMDSC;
CD11b*Ly6G*Ly6C") MDSCs preferentially interfere with
T cell activation, proliferation, homing and function. MDSCs
immunosuppressive mechanisms are versatile, and include
the deprivation of amino acids required for T cell activity
by enzymes such as inducible nitric oxide synthase (iNOS),
arginase 1 and indoleamine 2,3-dioxygenase (IDO) or the
production of immunosuppressive cytokines [interleukin
(IL)-10 and transforming growth factor (TGF)-f]
[18-20].

Because MDSCs and RAPA procure immunosuppres-
sive effects on the immune response, both are attractive
candidates for GVHD prevention and might mutually
influence each other. mTOR inhibitors have been reg-
istered for the successful clinical use in solid organ
transplantations [21-23] and are introduced as a thera-
peutic alternative in the management of GVHD in
combination therapies, but are used extremely rarely as
a front-line GVHD therapy [24]. Cellular therapy with
MDSCs in murine BMT models is extremely efficient
in preventing GVHD [25-27], although clinical trials
are currently missing. However, a good correlation
between MDSC accumulation and alleviated GVHD is
reported in humans [28,29]. Similarly, MDSCs accumulate
after allogeneic BMTs in mice [30,31], but their immu-
nosuppressive capacity is not sufficient for GVHD
prevention.

GVHD development after BMT is dependent upon
the activation status, the numbers and interplay of all
cells contributing positively or negatively to GVHD
development. Therefore, it is highly relevant to define
the cellular targets of RAPA to improve its clinical

application. Using an allogeneic BMT mouse model, in
which RAPA treatment prevents GVHD development,
we could show that RAPA does not abrogate T cell
functions, but enhances the immunosuppressive capacity
of MDSCs.

Material and methods

Bone marrow transplantation (BMT)

Female C57BL/6 (B6; H-2°, CD45.2), B6D2F1 (H-2>,
CD45.2) (Janvier, Le Genest-Saint-Isle, France), B6.SJL-
Ptprc?Pepc®/Boy] (B6.SJL; H-2%, CD45.1) mice (breeding
pairs from The Jackson Laboratory and bred at Ulm
University, Germany) were used (9-20 weeks of age). One
day before BMT, mice were irradiated with 12 Gy split
into two doses 3 h apart using a '¥’Cs source. T cell
depletion (TCD) of BM was performed according to
Messmann et al. [25]. Mice were reconstituted with 5 x 10°
TCD-BM in the presence or absence of 2 x 10”:spleen
cells (SC). Rapamycin (Rapamune) (Pfizer, New York City,
NY, USA) diluted in 1 x PBS was injected intraperitoneally
(ip.) with a concentration of 1.5 mg/kg/mouse every
second day until day 10 and twice weekly until the end
of the experiment; 1 x10* P815 tumor cells/mouse were
injected intravenously (i.v.) at the day of BMT. GVHD
development was assessed according to Cooke et al. [32]
by evaluating the clinical parameters weight loss, activity,
posture, fur texture and skin integrity. Animals euthanized
during the experiment due to their moribund state
remained included in the calculation until the end of
experiment with their final GVHD scores. All animal
experiments were performed according to the international
regulations for the care and use of laboratory animals
and were approved by the local Ethical Committee
Regierungsprasidium, Tiibingen, Germany.

Histology

Organs were fixed in 4% formalin, paraffin-embedded and
slide sections were stained with hematoxylin and eosin.
A pathologist who was blinded for the experimental his-
tory examined skin, intestine and liver for histopathology.
Histopathology of GVHD was graded according to Kaplan
et al. [33].

Tissue preparation

Spleen. Splenic single-cell suspensions were prepared by
pouring the spleen through a cell strainer (pore size 70 um),
followed by erythrocyte depletion.

Liver. For liver cell isolation, the liver was perfused by the
injection of 5 ml liver perfusion medium (Gisco, Carlsbad,
CA, USA), followed by 5 ml liver digest medium (GiBco)

408 © 2020 The Authors. Clinical & Experimental Imnmunology published by John Wiley & Sons Ltd on behalf of British Society for

Immunology, Clinical and Experimental Inmunology, 202: 407-422



into the vena cava inferior. After removing the gall bladder,
liver was digested for 30 min at 37°C in 10 ml liver digest
medium. Afterwards, liver cell suspension was prepared by
pouring the liver through a cell strainer (pore size 70 pum).
Liver cells were suspended in 35% Percoll (Sigma-Aldrich, St
Louis, MO, USA), followed by overlaying cells onto 70%
Percoll and centrifuging the Percoll gradient at 13RCF (g)
for 20 min. Liver leukocytes were collected from the interface
and residual erythrocytes were depleted.

Serum. Serum was prepared from submandibular blood
to which cytokine stabilization buffer (U-CyTech Biosciences,
Utrecht, the Netherlands) was added. Serum samples were
stored at —80°C until ProcartaPlex Multiplex immunoassays
(Thermo Fisher Scientific, Waltham, MA, USA) were
performed.

Serum cytokine analysis

Serum cytokine concentrations were determined by
ProcartaPlex Multiplex immunoassay (Thermo Fisher
Scientific) and analyzed on a BIO-RAD Bioplex 200 system
(Bio-Rad, Hercules, CA, USA).

Isolation of MDSCs

MDSCs were isolated from single-cell suspensions of spleen
or liver by magnetic activated cell sorting using CD11b
MicroBeads (Miltenyi, Bergisch Gladbach, Germany)
according to the manufacturer’s protocol. Purity ranged
between 80 and 95%.

CD3* T cell sorting

Splenic single-cell suspensions were stained with anti-CD3-
specific antibodies followed by fluorescence activated cell
sorting (FACS) using a FACSAria™ II flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA). Purity was
> 90%.

Flow cytometry

A total of 5 x 10°-1 x 10° cells were stained with anti-
bodies listed in Supporting information, Table S1. T,
were detected by surface staining of CD4, CD25 followed
by fixation, permeabilization and intracellular forkhead
box protein 3 (FoxP3) staining using the FoxP3 transcrip-
tion factor staining buffer kit (Thermo Fisher Scientific).
For intracellular pS6 staining, cells were fixed with 4%
paraformaldehyde and lysed with 0-1% saponin (Sigma-
Aldrich). pS6 was determined using phospho-S6 ribosomal
protein (Ser235/236) antibody (Cell Signaling Technology,
Danvers, MA, USA) and detected by using a fluorescein
isothiocyanate (FITC)-coupled anti-rabbit secondary anti-
body (Santa Cruz Biotechnology, Dallas, TX, USA). Flow
cytometric analyses were performed on a LSR II flow
cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

Rapamycin acts on MDSCs but not T cells in GVHD therapy

Cell culture conditions

Tumor cell lines. P815 and EL-4 tumor cell lines were
cultured in RPMI-1640 (GiBco), 10% fetal calf serum
(Sigma Aldrich), 2 mML-glutamine (G1sco), 1 mM sodium-
pyruvate (Gisco) at 37°C and 7-5% CO,,.

Mixed lymphocyte reaction. MLRs were performed in
o-minimum essential medium (Lonza, Basel, Switzerland),
10% fetal calf serum (Sigma Aldrich), 2 mM L-glutamine
(GiBco), 1 mM sodium pyruvate (Gisco), 100 U/ml penicillin—
streptomycin (GiBco) and 0-05 mM 2-mercaptoethanol
(GiBco) at 37 °C and 7-5% CO,,.

Chromium release assay. Chromium release assays were
performed in RPMI-1640 (GiBco), 10% fetal calf serum
(Sigma Aldrich), 2 mM L-glutamine (G1sco), 1 mM sodium
pyruvate (Gisco), 100 mM HEPES (Biochrom, Berlin,
Germany) at 37°C and 7-5% CO,.

Carboxyfluorescein diacetate succinimidyl ester
(CFSE) labeling

A total of 2 x 10° cells/ml were labeled with 5 uM car-
boxyfluorescein succinimidyl ester (CFSE) (Thermo Fisher
Scientific) for 10 min at 37°C followed by washing steps
with ice-cold phosphate-buffered saline (PBS)-5% fetal
calf serum (FCS).

Mixed lymphocyte reaction (MLR)

A total of 2.5 x 10° CFSE-labeled B6.SJL-derived SCs
were stimulated with 2.5 x 10° irradiated B6D2F1-derived
SCs (33 Gy) in the absence or presence of MDSCs. iNOS
was inhibited using 500 pM L-N®-monomethyl-arginine-
citrate (L-NMMA) (Merck, Darmstadt, Germany). T cell
proliferation was determined after 4 days using flow
cytometry [% T cell suppression = 100% - (proliferation
effector T cells + stimulator T cells + MDSCs)/% prolif-
eration effector T cells + stimulator T cells x 100].

Chromium release assay

Cytotoxic capacity of T cells was determined by chromium
release assays according to Strauss ef al. [34]; 5 x 10° tumor
cells labeled with 100 p Ci >!Cr were co-cultured with
spleen cells at different effector : target cell ratios. After
6 h the supernatant was assayed for >!Cr release in a Top
CountNXT counter (Packard BioScience, Meriden, CT, USA)
[% specific release = (experimental release - spontaneous
release)/(maximum release — spontaneous release) x 100].

Quantitative reverse transcription-polymerase chain
reaction (QRT-PCR)

qRT-PCR was performed using the SsoAdvanced™
Universal SYBR™ Green Supermix (Bio-Rad). The expression
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of target genes was determined using the comparative C,
method. Mouse aryl hydrocarbon receptor-interacting pro-
tein (AIP) was used as housekeeping gene. Primer sets
used are listed in Supporting information, Table S2. Analysis
was performed on a CFX Connect Optics Module
(Bio-Rad).

Microarray analysis

Microarray analyses. Microarray analyses were per-
formed using 200 ng total RNA as starting material and
55 pg ssDNA per hybridization (GeneChip Fluidics Station
450; Affymetrix, Santa Clara, CA, USA). Total RNAs were
amplified and labeled following the Whole Transcript (WT)
Sense Target Labeling Assay (http://www.aftymetrix.com).
Labeled ssDNA was hybridized to Mouse Gene 1.0 ST
Affymetrix GeneChip arrays (Affymetrix). The chips were
scanned with an Affymetrix GeneChip Scanner 3000 and
subsequent images analyzed using Affymetrix” Expression
Console™ Software (Affymetrix).

Transcriptome analyses. Transcriptome analyses were
performed using BRB-ArrayTools developed by Dr Richard
Simon and BRB-ArrayTools Development Team (http://
linus.ncinih.gov/BRB-ArrayTools.html). Raw feature data
were normalized and log, intensity expression summary
values for each probe set were calculated using robust multi-
array average [35].

Filtering. Genes showing minimal variation across the set
of arrays were excluded from the analysis. Genes whose
expression differed by at least 1-5-fold from the median in at
least 20% of the arrays were retained.

Class comparison. Genes were identified as differentially
expressed among the two classes using a two-sample ¢-test.
Genes were considered statistically significant if their
P-value was less than 0-05 and displayed a fold change
between the two groups of at least 1-5-fold. Benjamini and
Hochberg correction was used to provide 90% confidence
that the false discovery rate was less than 10% [36].

Gene ontology analysis of differentially expressed
genes. GOMINER analysis tool was used to identify the
most affected biological processes, as defined by Gene
Ontology annotation. Complete microarray data are
available at Gene Expression Omnibus (GEO accession
number: GSE141416).

Statistics

Data were analyzed using the Mann-Whitney test or
unpaired Student’s ¢-test. For multiple comparisons analysis
of variance (aNova), Tukey’s multiple comparison test or
Kruskal-Wallis test were used. The log-rank (Mantel-Cox)

test was used for survival studies. Results were considered
as significant if P < 0-05. Statistical tests were performed
with GraphPad Prism version 8.

Results

Rapamycin treatment attenuates GVHD in a parent
into F1 mismatched BMT mouse model

To validate the therapeutic effect of RAPA in preventing
GVHD, we used a parent into F1 BMT mouse model
with major histocompatibility complex (MHC) classes I
and II disparities of 50%. Lethally irradiated B6D2F1
(H-2>*9) recipient mice were reconstituted with TCD-BM
alone or together with SCs from B6 mice (H-2°). RAPA
treatment started on the day of BMT and was repeated
every second day during the first 10 days, followed by
twice-weekly injections until the end of the experiment.
Transplantation of TCD-BM and SCs induced severe clini-
cal GVHD with tissue damage in intestine, liver and skin,
which resulted in a mortality rate of approximately 90%
in PBS-treated mice. Importantly, RAPA treatment rescued
survival to about 75%, associated with alleviated histologi-
cal GVHD, especially in intestine and skin. Mice recon-
stituted with TCD-BM alone were disease-free due to the
absence of allogeneic T cells in the transplant (Fig. 1a,b).
Altogether, these data clearly indicate that RAPA treatment
starting on the day of BMT strongly attenuates GVHD
and rescues survival in approximately 75% of transplanted
mice.

Rapamycin treatment increases splenic leukocyte
numbers without altering the distribution of leukocyte
subsets

RAPA-mediated GVHD inhibition can be due to either
a decrease and inactivation of alloantigen-specific T cells
or an increase of immunosuppressive cells. Therefore,
the cellular composition in spleen and the GVHD target
organ liver of RAPA-treated mice was compared to
PBS-treated controls. Total splenocytes, including CD4*
and CD8" T cells, T, and MDSCs, significantly increased
10 days after BMT in RAPA-treated mice compared to
PBS-treated mice (Fig. 2a). Total MDSC numbers were
defined by the expression of Gr-1 and CD11b (Supporting
information, Fig. Sla), while T, were detected in the
CD4*CD25"* population by FoxP3 expression (Supporting
information, Fig. S1b). Percentages of CD4*, CD8" T
cells, T, and MDSCs, however, were comparable between
both groups (Fig. 2a). No increase of total leukocytes
or individual leukocyte subsets was detected in the liver
upon RAPA treatment (Fig. 2b).

MDSCs are composed of mMDSCs (CD11b*Ly-6G"*¢Ly-
6CMish) and gMDSCs (CD11b*Ly-6GP*Ly-6C°") (Supporting
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Fig. 1. Rapamycin (RAPA) treatment attenuates graft-versus-host disease (GVHD) in a major histocompatibility complex (MHC) classes I and II
mismatched B6 into the F1 bone marrow transplant (BMT) model. Lethally irradiated B6D2F1-recipient mice (H-2%*) were reconstituted with T cell
depletion bone marrow (TCD-BM) from B6 mice (H-2%) in the presence or absence of B6-derived spleen cells (SCs). RAPA or phosphate-buffered
saline (PBS) intraperitoneal (i.p.) injections were administered every second day during the first 10 days, followed by a treatment twice weekly until
the end of the experiment. (a) Survival was determined. Surviving animals/total animals treated are indicated in brackets. (b) Paraffin sections of
intestine (ileum and colon), liver and skin of 10-13 animals/group were analyzed for histological GVHD on the day mice were euthanized due to their
moribund state or at the end of the experiment. (a) Kaplan-Meier method and log-rank test. (b) Analysis of variance (ANova) Tukey’s multiple
comparison test. *P < 0-05; **P < 0-01; ***P < 0-001; ***P < 0-0001; n.s. = not significant.

information, Fig. Sic). Although RAPA treatment increased T cell responses are not affected by rapamycin
MDSC numbers, the distribution of both subpopulations treatment

in spleen and liver was unchanged. The majority of MDSCs
were gMDSCs represented in spleen with approximately . .
60% and in liver greater than 70%. mMDSCs represented not affect the numbers of allogeneic T cells, we questioned

up to 40% of splenic MDSCs and up to 30% of liver rrhether T Cteu ,ﬁ,ltncuglr}s 51;1c h as aCtll:atlzni{CAy;;kine :ecre;
MDSCs (Fig. 20). ion or cytotoxicity of T cells were altered. reatmen

did not alter the percental distribution of activation markers
CD25 and CD69 of CD4" and CD8* T cells and the induc-
tion of effector memory T cells (CD44Ms", CCR7-, CD62L")

As RAPA strongly attenuated GVHD development, but did

Overall, these results indicate that RAPA treatment leads
to leukocyte expansion at least in the spleen without
affecting leukocyte distribution.
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Fig. 2. Rapamycin (RAPA) increases splenic leukocyte numbers without altering the distribution of leukocyte populations. Lethally irradiated
B6D2F1-recipient mice (H-24) were reconstituted with T cell depletion bone marrow (TCD-BM) from B6 mice (H-2) together with B6-derived
spleen cells (SCs). RAPA or phosphate-buffered saline (PBS) intraperitoneal (i.p.) injections were administered every second day. Ten days after bone
marrow transplant (BMT), splenocytes (a) and liver leukocytes (b) were determined and analyzed for absolute numbers and percentage of CD4* and
CD8" T cells, regulatory T cells (Treg) and myeloid-derived suppressor cells (MDSCs). (c) Percentage of monocytic (m-) and granulocytic (g-) MDSCs in
spleen and liver were determined by staining infiltrated MDSCs for CD11b, Ly-6C and Ly-6G. (a—c) Data represent the mean value + standard deviation
(s.d.). (a,b) Total splenocyte and liver lymphocyte numbers of 12-15 animals/group were analyzed. T cells subsets of three to six animals/group and
MDSCs of 12 animals/group were analyzed. (c) Six animals/group were analyzed. (a,b) Mann-Whitney test. *P < 0-05; **P < 0-01; n.s. = not significant.

(Fig. 3a). Adhesion and homing molecules CCR9, LPAM-1, Persistent T cell activation is often associated with T cell
LFA-1 and CXCR3 of CD4* and CD8* T cells exhibited exhaustion. However, no differences in the expression of
no differences in expression in RAPA and PBS-treated mice exhaustion markers of CD4* and CD8* T cells from RAPA
(Fig. 3b). Also, the expression density of all analyzed mark- or PBS-treated mice were detected. CD4* T cells strongly
ers was unchanged (Supporting information, Fig. S2). up-regulated programmed cell death 1 (PD-1), B and T
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lymphocyte attenuator (BTLA) and T cell immunoglobulin
and immunoreceptor tyrosine-based inhibition motif
domain (TIGIT), and showed low lymphocyte-activation
gene 3 (Lag-3) expression. Consistent with a more pro-
nounced increase of CD8" memory cells (CD1227CD44")
more exhaustion markers (PD-1, Lag-3, BTLA, CD160 and
TIGIT) were up-regulated on CD8* T cells compared to
CD4* T cells. Cytotoxic T lymphocyte antigen 4 (CTLA-4)
and T-cell immunoglobulin and mucin-domain containing-3
(Tim-3) expression was marginally detectable on both T
cell subsets (Fig. 3c). Although the induction of T helper
type 2/T cytotoxic type (Th2/Tc2) cells is associated with
disease-free progression after BMT, RAPA did not affect
the Th1/Tcl and Th2/Tc2 balance. Isolated splenic T cells
from RAPA and PBS-treated mice exhibited similar mRNA
expression levels of Thl/Tcl-associated [tumor necrosis
factor (TNF)-q, interferon (IFN)-y and IL-2] and Th2/Tc2-
associated cytokines (IL-4, -5, -10, -13) 10 days after BMT
(Fig. 4a). Simultaneously, no differences in mRNA expres-
sion levels of transcription factors indispensable for
type 1 [signal transducer and activator of transcription
4 (STAT-4), T-bet] or type 2 [STAT-6, GATA binding pro-
tein 3 (GATA-3)] T cells were detectable (Fig. 4b). This
result was further confirmed by comparable serum cytokine
concentrations of TNF-«, IFN-y, IL-4, IL-5 and IL-13 in
RAPA and PBS-treated mice. Solely, serum IL-2 decreased
upon RAPA treatment (Fig. 4c).

To further clarify whether and how RAPA treatment
affects T cells in the context of BMT, we performed
microarray analysis and compared gene expression profiles
of sorted splenic CD3* T cells from RAPA- and PBS-
treated mice. Surprisingly, at a false discovery rate (FDR)
level of 0-1 (FC >1.5x) gene array analysis showed no
differences in gene expression profiles of T cells between
RAPA- and PBS-treated mice, with the exception of the
gene encoding for glucagon-like peptide 1 receptor (Glpr)
(FDR: 0-0544). Even without applying a correction for
multiple testing, only 11 genes were differentially expressed
(P < 0-05, FC > 1-5x) in T cells upon RAPA treatment
(Fig. 4d,e, Supporting information, Table S3). As a cor-
rection for multiple testing is sometimes too stringent
with small sample sizes, we also checked for protein—protein
interaction within this set of 11 genes using the STRING
database [37]. Because no interactions between any of
these genes were revealed, it is very unlikely that this set
of genes represents true differential regulation based upon
RAPA treatment. Overall, these data indicate that RAPA-
induced GVHD inhibition is not mediated by expression
changes in the T cell compartment.

Rapamycin treatment increases the
immunosuppressive potential of MDSCs

As RAPA was recently identified to improve MDSC func-
tions in autoimmunity and solid organ transplantation

[9,10,12,13], we examined the effect of RAPA on the immu-
nosuppressive potential of MDSCs induced in the context
of allogeneic BMT. Therefore, splenic MDSCs (CD11b*Gr-1*)
of RAPA- and PBS-treated recipient mice (H-2°, CD45.2)
were isolated 10 days after BMT and were co-cultured with
CFSE-labeled B6.SJL-derived spleen cells (H-2°, CD45.1)
stimulated with irradiated allogeneic B6D2F1-derived spleen
cells (H-224, CD45.2) in vitro. MDSCs from RAPA-treated
mice exhibited an increased immunosuppressive capacity
towards alloantigen-stimulated CD45.1"CD3* T cells (Fig. 5a).
Analysis of mRNA expression levels of immunosuppressive
molecules revealed a strong increase of iNOS and elevated
expression of IDO and slightly increased expression of argi-
nase 1 in RAPA-activated MDSCs. Other immunosuppressive
factors and cytokines, such as HO1, COX2, TGF-f and
IL-10, were equally expressed compared to MDSCs from
PBS-treated mice (Fig. 5b). iNOS inhibitor L-NMMA totally
abrogated the suppressive potential of RAPA-activated
MDSCs towards alloantigen-stimulated T' cells, indicating a
major role of iNOS in the immunosuppressive potential
(Fig. 5¢). To define the effects of RAPA on MDSC func-
tions, microarray analysis of isolated splenic MDSCs from
RAPA- and PBS-treated mice were performed. Volcano plot
analysis of MDSCs showed impressive differences in the
gene expression profile of RAPA-activated MDSCs compared
to MDSCs derived from PBS-treated mice (Fig. 5d). In total,
179 genes were differentially expressed (FDR < 0-1,
FC > 1.5x), from which 133 genes were up-regulated and
46 genes were down-regulated in RAPA-activated MDSCs
(Fig. 5e). By enrichment analysis of target genes using the
GO database, we identified the top 10 changed GO terms
and linked target genes, which are listed in Table 1.
Preferentially, genes associated with the uptake or cellular
responses to lipopeptides, lipoproteins and lipoteichoic acids
such as Toll-like receptor 1 (TLR-1), CD36 or CD14 were
strongly up-regulated in RAPA-activated MDSCs, suggesting
that these receptors contributes to the increased immuno-
suppressive capacity. To verify that RAPA directly targets
MDSCs, we determined intracellular pS6 expression in
MDSCs 1 h after PBS and RAPA application in mice trans-
planted with allogeneic BM and SCs. MDSCs isolated from
RAPA-treated mice showed strongly reduced pS6 expression
compared to MDSCs derived from PBS-treated mice
(Fig. 5f). In accordance with minimal genomic changes in
T cells after RAPA treatment, RAPA hardly affected the
pS6 expression of isolated T cells from BM-transplanted
mice (Supporting information, Fig. S3). In summary, these
data clearly show that RAPA directly targets MDSCs and
thereby supports their immunosuppressive potential.

Rapamycin treatment does not abrogate the GVT effect
after allogeneic BMT

Maintenance of the GVT effect is the major therapeutic
goal of allogeneic hematopoietic stem cell transplantation
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Fig. 4. T cells of rapamycin-treated mice exhibit unchanged cytokine profiles and no differences in gene expression. (a—e) Lethally irradiated
B6D2F1-recipient mice (H-2"9) were reconstituted with T cell depletion bone marrow (TCD-BM) from B6 mice (H-2P) together with B6-derived
spleen cells (SCs). RAPA or phosphate-buffered saline (PBS) intraperitoneal (i.p.) injections were administered every second day until day 10
post-transplantation. (a,b) CD3* T cells were isolated from spleens and quantitative reverse transcription—polymerase chain reactions (QRT-PCRs) of
(a) type 1 [tumor necrosis factor (TNF)-a, interferon (IFN)-y, interleukin (IL)-2), type 2 (IL-4, -5, -10, -13)]-associated cytokines and (b) transcription
factors were performed. Relative expression to aryl hydrocarbon receptor-interacting protein (AIP) was calculated. (c) Serum concentrations of types
1 and 2-associated cytokines were determined. (d) Volcano plot comparing gene expression of ex-vivo-isolated splenic T cells from RAPA or
PBS-treated mice. Blue dots represent genes scored as differentially expressed between both groups. They display large magnitude fold changes (x-axis)
and high statistical significance [-log,, of P-value (y-axis)]. Unfilled black dots show genes having a P-value > 0-05 and fold change less than 2

(log, = 1). (e) Heat-map of differentially expressed genes between splenic T cells from RAPA or PBS-treated mice. Data represent the mean

value + standard deviation (s.d.) of four to six mice/group (a,b) and of nine to 11 mice/group (c). (d,e) Data represent three mice analyzed/group.
(a-c) Mann-Whitney test. *P < 0-01; n.s. = not significant.

in the treatment of hematopoietic tumors. Therefore, splenic and CD95L ligands were even slightly up-regulated in T
T cells from RAPA- and PBS-treated mice were analyzed cells from RAPA-treated animals (Fig. 6a). Most importantly,
for their cytotoxic potential 10 days after BMT. RNA expres- cytotoxic capacity of splenic T cells from RAPA-treated mice
sion of cytotoxic molecules perforin and granzyme B (GzmB) was not impaired compared to T cells isolated from PBS-
and death-inducing TNF-related apoptosis-inducing (TRAIL) treated mice. The alloantigen expressing P815 mastocytoma
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tumor cell line (H-24) was efficiently lysed, while the syn- effect under RAPA treatment was analyzed in vivo. BED2F1
geneic T cell lymphoma cell line EL-4 (H-2") was not rec- mice (H-2P*d) were reconstituted with B6-derived TCD-BM
ognized (Fig. 6b), further supporting our findings that RAPA alone (H-2P) or together with B6-derived spleen cells (H-2)
treatment does not affect the functionality of T cells. As and were co-injected with the P815 mastocytoma tumor
RAPA did not abrogate T cell cytotoxicity in vitro, the GVT cell line (H-24). RAPA or PBS was administered as described
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Fig. 5. Myeloid-derived suppressor cells (MDSCs) exhibit increased immunosuppressive potential and changes in gene expression after rapamycin
(RAPA) treatment. (a-f) Lethally irradiated B6D2F1-recipient mice (H-2"*9) were reconstituted with T cell depletion bone marrow (TCD-BM) from
B6 mice (H-2P) together with B6-derived spleen cells (SCs). RAPA or phosphate-buffered saline (PBS) intraperitoneal (i.p.) injections were
administered every second day until day 10 post-transplantation. (a) Splenic MDSCs isolated from PBS and RAPA-treated mice were co-cultured with
carboxyfluorescein diactate succinimidyl ester (CFSE)-labeled B6.SJL-derived spleen cells (CD45.1, H-2%) stimulated with irradiated allogeneic
B6D2F1 (CD45.2, H-2"9) spleen cells. After 4 days, cells were stained for CD45.1 and CD3 and suppression of CD45.1*CD3* T cell proliferation was
determined. (b) MDSCs were analyzed for the expression of immunosuppressive factors by quantitative reverse transcription-polymerase chain
reactions (QRT-PCRs) and relative expression to aryl hydrocarbon receptor-interacting protein (AIP) was calculated. (c) MDSCs isolated from
RAPA-treated mice were co-cultured with CFSE-labeled B6.SJL-derived spleen cells (CD45.1, H-2°) stimulated with irradiated allogeneic BGD2F1
(CD45.2, H-2%) spleen cells in the presence or absence of the inducible nitric oxide synthase (iNOS) inhibitor L-NMMA. After 4 days, suppression of
CD45.1"CD3* T cell proliferation was determined. (d) Volcano plot comparing gene expression of ex-vivo-isolated MDSCs from RAPA or PBS-treated
mice. Blue dots represent genes scored as differentially expressed between both groups. They display large magnitude fold changes (x-axis) and high
statistical significance [-log,, of P-value (y-axis)]. Unfilled black dots show genes having a P-value > 0-05 and fold change less than 2 (log, = 1). (e)
Numbers of genes that were up- or down-regulated in MDSCs from RAPA-treated mice. (f) Five days after transplantation, MDSCs were isolated from
BM transplanted mice and were stained for pS6 1 h after the last RAPA or PBS application. (a) Data represent the mean value * standard deviation
(s.d.) of five performed experiments. Student’s t-test. (b) Data represent the mean value + s.d. of #n = 4-6 mice. Mann-Whitney test. (c) Data represent
the mean value + s.d. of triplicates of two independent performed experiments. Student’s ¢-test. (d,e) Data are the mean of three analyzed mice/group.
(f) Fluorescence activated cell sorting (FACS) diagrams of n = 3 mice/group are shown. *P < 0-05; **P < 0-01; n.s. = not significant.

<
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Table 1. Top 10 of enriched GO terms in RAPA-activated MDSCs

1. 71221 Cellular response to bacterial lipopeptide 40-0 2.0E-03
2. 71220 Cellular response to bacterial lipoprotein 2.0E-04
3. 70339 Response to bacterial lipopeptide 2.0E-04
4. 32493 Response to bacterial lipoprotein 2.0E-04
5. 77039 Cellular response to lipoteichoic acid 286 5.0E-04
6. 71223 Response to lipoteichoic acid 5.0E-04
7. 43619 Regulation of transcription from RNA polymerase I 286 5.0E-04
promoter in response to oxidative stress
8. 60670 Branching involved in labyrinthine layer morphogenesis 250 7.0E-04
9. 42613 MHC class II protein complex 250 7.0E-04
10. 19934 cGMP-mediated signaling 250 7.0E-04

Target genes up-regulated in rapamycin (RAPA)-activated myeloid-derived suppressor cells (MDSCs) compared to phosphate-buffered saline (PBS)-
MDSCs are displayed in red, while down-regulated target genes are displayed in green.
MHC = major histocompatibility complex.

previously. PBS-treated recipient mice reconstituted with
TCD-BM alone died from tumor development within 3 weeks
after transplantation (Fig. 6¢) due to massive tumor forma-
tion in spleen and liver reflected by elevated organ weights
(Fig. 6d) and enrichment of H-2¢ single-positive tumor cells
(Fig. 6e). RAPA treatment alone could not abrogate tumor
growth, as 90% of the RAPA-receiving mice reconstituted
with TCD-BM in the absence of allogeneic spleen cells died
from tumor development. Most importantly, RAPA treatment
maintained the GVT effect in mice reconstituted with
TCD-BM and allogeneic spleen cells. All surviving mice
were tumor-free (Fig. 6¢-e). Some mice reconstituted with
TCD-BM and allogeneic spleen cells died despite RAPA
treatment due to GVHD development reflected by increased
GVHD scores (data not shown) and the absence of tumor
cells in spleen and liver. Although PBS-treated mice

receiving TCD-BM and SC were tumor-free, approximately
90% of these mice developed lethal GVHD (Fig. 6¢c—e). In
summary, these data clearly show that RAPA treatment
strongly attenuates GVHD development after allogeneic BMT,
which is associated with enhanced MDSC functions while
simultaneously preserving T cell functions.

Discussion

Rapamycin and MDSCs both exhibit immunosuppressive
functions and are applied in experimental BMT models
or the clinics to prevent GVHD; however, their mutual
influence is currently not well defined. In the current
study, we confirmed that RAPA successfully alleviates
GVHD development in a parent into F1 BMT mouse
model with MHC classes I and II disparities of 50%. To
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our knowledge, we show here for the first time that RAPA
treatment in the context of BMT enhanced the immu-
nosuppressive function of MDSCs and significantly changed
their genomic landscape. Most importantly, RAPA treat-
ment does not significantly affect the T cell compartment
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on genomic and functional levels, whereby T cell immunity
and anti-tumor cytotoxicity were maintained.

Pilot studies of Blazer et al. [38,39] demonstrated that
RAPA inhibits GVHD development in experimental BMT
models; however, the underlying mechanism is still not
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Fig. 6. T cell cytotoxicity and the graft-versus-tumor (GVT) effect are maintained under rapamycin (RAPA) treatment. (a—e) Lethally irradiated
B6D2F1 recipient mice (H-2"*d) were reconstituted with T cell depletion bone marrow (TCD-BM) from B6 mice (H-2°) and B6-derived spleen cells
(SCs). RAPA or phosphate-buffered saline (PBS) intraperitoneal (i.p.) injections were administered every second day during the first 10 days, followed

by a treatment twice weekly until the end of the experiment. (a) Splenic CD3* T cells were isolated 10 days after bone marrow transplant (BMT).

Quantitative reverse transcription—polymerase chain reaction (QRT-PCR) analyses of cytotoxic molecules were performed and relative expression to

aryl hydrocarbon receptor-interacting protein (AIP) was calculated. (b) Spleen cells (H-2P) of RAPA or PBS-treated mice were co-cultured with
5ICr-labeled P815 (H-29) or EL-4 (H-2) tumor cells and specific tumor lysis was determined. (c-e) Additionally, P815 tumor cells (H-29) were
co-injected at day of BMT. (c) Survival was determined. Surviving animals/total animals treated are indicated in brackets. (d) Spleen and liver weights

were determined the day mice were euthanized due to their moribund state or at the end of the experiment. (e) Presence of tumor cells was

determined in spleens and livers by staining for H-2K and H-2K? the day mice were euthanized due to their moribund state or at the end of the

experiment. Fluorescence activated cell sorting (FACS) analyses are shown for one representative mouse/group. Data represent the mean

value + standard deviation (s.d.) of five to six mice/group (a) and seven to nine mice/group (d). (b) Data represent the mean value + standard error of
the mean (s.e.m.) of three mice/group. (a,b) Mann-Whitney test. (c) Kaplan-Meier method and log-rank test. (d) Kruskal-Wallis test. *P < 0-05;

**P < 0-01; ***P <0-001; n.s. = not significant.
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well defined. In a parent into F1 model (B6—B6D2F1),
we could confirm that GVHD-induced mortality was
reduced from 90 to 25-40% and histological GVHD was
strongly attenuated under RAPA treatment. Lethal GVHD
in this model depends upon the presence of mature CD4*
T cells in the transplant. Initially the effect of RAPA was
referred to preferential inhibition of CD8" T cells [39],
but the effectiveness of RAPA in CD4-dependent GVHD
models was also confirmed by using various donor/recipi-
ent combinations [11,40,41].

RAPA effects are largely attributed to its ability to
block T cell activation and proliferation. However, even
in the early phase of GVHD, where massive expansion
of allogeneic T cells occurs, we observed an increase
in splenocyte numbers including CD4* and CD8" T
cells. Accordingly, activated CD44" or memory
CD44*CD122* T cells from which most of them rep-
resent effector memory T cells were equally present in
RAPA and PBS-treated animals. Differences in the expres-
sion of adhesion and homing molecules, exhaustion
markers and cytokine profiles were not found in T cells
isolated from RAPA- or PBS-treated mice. Most impor-
tantly, gene array analysis revealed no significant dif-
ferences in T cell gene expression profiles between RAPA
and PBS-treated mice.

In a fully MHC mismatched BMT model, RAPA was
reported to diminish allogeneic T cell expansion early
after transplantation in vivo. However, these cells pre-
served their proliferative capacity towards allogeneic
stimulation in vitro, although reduction in IFN-y and
GzmB and GzmA levels indicate a skewing of T cells
towards Th2/Tc2 cells [39]. Applying RAPA together with
Th2 polarizing cytokines also induces Th2 cells in vitro
which, after adoptive transfer, prevented GVHD [42].
However, this approach is flexible and depends upon
the cytokines used, as RAPA in the presence of IL-2,
-7 and -12 supports Thl polarization [43]. Most inter-
estingly, T cells that are polarized in the presence of
RAPA exhibit increased effector functions with improved

CD8* T cell immunity leading to enhanced tumor reac-
tivity [44]. In our studies, cytolytic functions of ex-vivo-
isolated allogeneic T cells from BM-transplanted mice
under RAPA treatment were comparable to T cells from
PBS-treated animals. Consistently, the GVT effect was
maintained and mice receiving allogeneic splenocytes
and RAPA treatment were all tumor-free. Although direct
anti-leukemic effects of RAPA are reported in vitro [45],
RAPA treatment in the absence of allogeneic T cells
could not prevent the development of tumors, but slightly
prolonged the time until tumor developed. A previously
published study using a combination of RAPA and bort-
ezomib for GVHD prophylaxis also showed efficient
anti-leukemic cytotoxicity, although the effect of the
single drugs was not investigated [46]. In contrast, when
donor lymphocytes were infused 2 weeks after BMT
followed directly by leukemia challenge, RAPA treatment
starting on the day of donor lymphocyte infusion (DLI)
abrogated the protective effect of DLI and mice suc-
cumbed to cancer [39].

As the major therapeutic effect of RAPA was not attrib-
uted to T cells, alterations in the induction and function
of immunoregulatory cells were investigated. As shown
previously and confirmed by our data, induction of T,
is not impaired under RAPA treatment due to their rela-
tive independence on mTOR activation [47-49].
Accumulation of T, in the skin of RAPA-treated BMT
mice was observed when high doses of 3-5 mg/kg were
administered [40], but not at doses of 1.5 mg/kg, which
are applied in our studies. Splenic MDSCs increased under
RAPA therapy, but the ratio of T cells to MDSCs remained
constant. However, ex-vivo-isolated MDSCs exhibited an
increased immunosuppressive potential in MLRs. This was
accompanied by a significant increase in iNOS expression
and up-regulation of arginase 1 and IDO. An activating
effect of RAPA on MDSCs induction and function was
noticed in different murine models of kidney and liver
inflammation or solid organ transplantation. mTOR defi-
ciency by RAPA treatment recruits MDSCs into inflamed
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livers or kidneys or supports the migration of MDSCs
into cardiac allografts, thereby ameliorating disease
[9,10,12,13]. Depending on the model used, immunosup-
pressive capacity of MDSCs was continuously dependent
upon iNOS expression, while arginase-1 expression
strengthens the effect in some models. Most importantly,
in contrast to allogeneic T cells the genomic landscape
of MDSCs was significantly changed by RAPA treatment.
GO term analysis revealed enrichment in target genes
associated with uptake or cellular responses to lipopeptides,
lipoproteins and lipoteichoic acids in RAPA-activated
MDSCs. These data support recently published studies
showing that elevated lipid contents augment the immu-
nosuppressive function of MDSCs [50-52].

Few studies also report the requirement of mTOR acti-
vation for MDSC functionality. The activation of the AKT/
mTOR pathway by granulocyte antigen-colony-stimulating
factor (GM-CSF) is a prerequisite to convert murine and
human monocytes from inflammatory cells into suppressor
cells [16]. Similarly, glycolysis-mediated immunosuppression
of tumor-associated monocytic MDSCs can be abrogated
by mTOR inhibition [15,17]. It is noteworthy that impaired
MDSC function due to mTOR inhibition is attributed only
to immunosuppressive cells of the monocytic lineage, while
activating effects after mTOR impairment is observed in
unseparated or granulocytic MDSCs. Thus, the adoptive
transfer of granulocytic MDSCs isolated from in-vitro cul-
tures of RAPA-treated BM cells prevents GVHD [11].

To our knowledge, there are currently no clinical data
available for the mutual interference of RAPA (sirolimus)
and MDSCs. This might be due to the fact that human
MDSCs still cannot be defined solely by surface makers
and that sirolimus is not generally applied as first-line
monotherapy, but mainly in combination with calcineurin
inhibitors or together with mycophenolate mofetil and
cyclophosphamide [24].

With our study we provide the first indications that
RAPA might be applicable in clinical situations where the
immunosuppressive capacity of MDSCs needs to be strength-
ened without impairing T cell-mediated immunity.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web site:

Fig. S1. Lethally irradiated B6D2F1 recipient mice (H-2bxd)
were reconstituted with T cell depleted bone marrow from
B6 mice (H-2b) together with Bé6-derived spleen cells.
Rapamycin (RAPA) or PBS i.p. injections were administered
every second day until day 10 post-transplantation. (a) Total
MDSCs in spleen and liver were defined by CD11b and Gr-1
expression. (b) Spleen and livers were analyzed for Tregs
by analysing CD4+ CD25+ cells for FoxP3 expression. (c)
Granulocytic (CD11b+Ly-GhighLy-6Clow) and monocytic
MDSC subsets (CD11b+Ly-6GnegLy-6Chigh) were defined
in spleen and liver by analyzing CD11b+ cells for their ex-
pression of Ly-6C and Ly-6G. (a) FACS diagrams show one
representative mouse out of 12 mice analyzed/group. (b)
FACS diagrams show one representative mouse out of 5-6
mice analyzed/group. (c) FACS diagrams show one repre-
sentative mouse out of 6 mice analyzed/group.

Fig. S2. Lethally irradiated B6D2F1 recipient mice (H-2bxd)
were reconstituted with T cell depleted bone marrow from
B6 mice (H-2b) together with B6-derived spleen cells.
Rapamycin (RAPA) or PBS ip. injections were adminis-
tered every second day. 10 days after transplantation, splenic
CD4+ and CD8+ T cells were stained for different activation,
homing and adhesion markers. MFI of each marker was de-
fined. Data represent the mean value + SD of 3 mice/group.
Mann-Whitney test. n.s. = not significant.

Fig. $3. Lethally irradiated B6D2F1 recipient mice (H-2bxd)
were reconstituted with T cell depleted bone marrow from
B6 mice (H-2b) together with Bé6-derived spleen cells.
Rapamycin (RAPA) or PBS i.p. injections were administered
until day 5 post-transplantation. One h after the last applica-
tion, splenic T cells were stained for CD3 and phosphpo-S6
ribosomal protein expression was determined on CD3+ T
cells. (a) FACS diagrams of one representative mouse/group
out of 3 analyzed mice/group are shown. (b) Data represent
the mean value + SD of 3 mice/group. Mann-Whitney test.
n.s. = not significant.

Table S1. Antibodies for flow cytometry.
Table S2. Primer for qRT-PCR.

Table S3. Differentially expressed genes in T cells upon
rapamycin treatment compared to PBS treatment.

422 © 2020 The Authors. Clinical & Experimental Imnmunology published by John Wiley & Sons Ltd on behalf of British Society for

Immunology, Clinical and Experimental Inmunology, 202: 407-422



