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This study sought to compare the behavior of Treg subsets displaying different coexpression patterns of Neuropilin-
1 (Nrpl) and Helios, under the influence of gut stress unrelated to hematopoietic stem cell transplantation, pre-
transplantation conditioning, and posttransplant gastrointestinal acute graft versus host disease (GI-aGvHD). Host
CDA4+/CD25" /Foxp3+ Treg cells, identified by flow cytometry, were isolated from various tissues of mice affected by these
stressors. Expression of CD25, CTLA-4, CD39, 0X40, integrin-p7, LAG3, TGFB/LAP, granzyme-A, -B, and interleukin-10
was compared in four Treg subsets displaying Helios or Nrp1 only, both or none. Fluorescence-activated cell sorter-sorted
Treg subsets, displaying markers affected in a conditioning- and GI-aGVHD-restricted manner, were further investigated
by transcriptome profiling and T-cell suppression assays. We found that conditioning by irradiation greatly diminished
the relative frequency of Helios*/Nrp1* Treg, shifting the balance toward Helios~/Nrp1-~ Treg in the host. Upregulation
of integrin-p7 and 0X40 occurred in GI-aGvHD-dependent manner in Helios*/Nrp1+ cells but not in Helios~/Nrp1- Treg.
Sorted Treg subsets, confirmed to overexpress Nrp1, Helios, 0X40, or integrin-87, displayed superior immunosuppressive
activity and enrichment in activation-related messenger RNA transcripts. Our data suggest that conditioning-induced
shrinkage of the Nrp1+*/Helios* Treg subset may contribute to the development of GI-GvHD by impairing gut homing
and decreasing the efficiency of Treg-mediated immunosuppression.
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Introduction

Allogeneic hematopoietic stem cell transplantation (aHSCT) is a
potentially curative therapy for various malignant and nonmalig-
nant diseases affecting the hematopoietic system. Upon aHSCT, a
side effect of the therapy, acute graft versus host disease (aGvHD)
may develop, characterized by high morbidity and mortality [1].
Acute graft versus host disease (GvHD) is a life-threatening com-
plication, the development and intensity of which are associ-
ated with the intensity of the pretransplant conditioning reg-
imen. Conditioning causes tissue injury in multiple organs of
the host, most notably in the gastrointestinal (GI) tract, and
conditioning-mediated gut damage leads to a strong inflamma-
tory reaction supporting extensive priming of graft-derived T cells
by host alloantigens. Ultimately, recognition of alloantigens and
tissue damage mediated by various graft leukocytes, such as allo-
geneic CD8™ T cells, paves the way to the development of aGvHD
[2]. The main target organs of aGvHD are the skin, the gut, and
the liver, and the type and extent of organ involvement greatly
affect the prognosis of aGvHD [3, 4]. Nevertheless, it is generally
accepted that conditioning-induced gut damage, gut barrier dys-
function, local microbial dysbiosis followed by bacterial invasion,
and massive local inflammation are key prerequisites to the devel-
opment of all organ manifestations of aGvHD [5]. In response to
aGvHD, an antiinflammatory host response, characterized by reg-
ulatory T-cell (Treg) activation and release of immunosuppressive
cytokines, occurs. However, it has been argued that conditioning-
related dysfunction of antiinflammatory cells, such as Treg, is
instrumental in the subsequent development of aGvHD [6, 7],
and it has been shown that in full-fledged disease, Treg are unable
to control extensive graft T-cell activation and clonal expansion,
leading to widespread tissue damage [5].

Direct experimental analysis of the events leading to the devel-
opment of human GI-aGvHD, such as the mechanisms respon-
sible for functional Treg failure in affected tissues, is challeng-
ing. Collection of biopsies from the inflamed GI tract of aGvHD
patients should be minimized, and obtaining gut biopsies for pur-
poses other than diagnostic use is generally contraindicated. As
an alternative, analysis of circulating blood CD4*" Tregs is pos-
sible, although there are vast differences between GI CD4" Treg
and their circulating counterparts [8]. Finally, animal models may
also be utilized, providing access to Treg in affected tissues in situ;
however, this approach also has its limitations [9-11].

Regulatory CD4+*CD25%Foxp3* T cells play an important role
in maintaining immune homeostasis, limiting immune response
against self and harmless nonself-antigens, and establishing toler-
ance [12]. In the early phase of aGvHD, Tregs attempt to ham-
per the extensive clonal expansion characteristic for allogeneic
graft CD8" T cells, rapid expansion of which is a prerequisite of
aGvHD. These features make Treg important prophylactic agents
and promising therapeutic targets in the management of patients
undergoing aHSCT [13, 14]. However, in full-fledged aGvHD,
Treg activity in target organs is critically suppressed by many fac-
tors. These include the immunosuppressive conditioning regimen
applied before aHSCT, causing variable severity lymphopenia, the
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abnormal migration of circulating Treg to target tissues, and the
inflammatory environment of aGvHD, which affects Treg stability
by decreasing FoxP3 expression [15, 16], even allowing the trans-
formation of some Treg subsets into pathological Th cells [17].

Local Treg responses to gut stress, gut damage, and altered
Treg functionality in affected GI tissues are not phenomena
restricted to aGvHD. Similar findings have been made in sev-
eral human morbidities affecting the gut, including inflammatory
bowel disease (IBD). In IBD, there is general consensus that tar-
get tissues are enriched in Tregs [18], and their homeostasis and
activity are significantly altered [19, 20]. Recently, while analyz-
ing Treg in an experimental IBD setting, it has been suggested
that two markers, Neuropilin-1 (Nrp1l, CD304) and Helios, dif-
ferentially expressed by select GI Treg subsets, relate to exten-
sive, subset-specific differences affecting Treg functionality in IBD
[21, 22]. These differences affect the expression of several genes
related to Treg functionality, suppressive capacity, and even T-cell
receptor for antigen (TCR) specificity in IBD. Nevertheless, it is
unknown whether similar differences may be observed between
these subsets’ behavior in other forms of gut stress, such as pre-
transplant conditioning, acting as a stressor before aHSCT, or
posttransplant GI-aGvHD developed upon aHSCT. Such data may
be of particular importance to understand Treg behavior in GI-
aGvHD, as heterogeneity in Helios and Nrpl expression among
these cells has been observed both systemically, and in the GI
tract from early on [23], but interpretation of these observations
turned out to be challenging and underwent substantial changes
over time. Initially, Helios and Nrpl were thought to be appro-
priate selection markers for distinguishing natural (nTreg) and
peripheral (pTreg) subpopulations [24-26] as it was assumed
that thymus-derived nTregs exhibit uniformly high Helios and
Nrp1 expression compared to pTreg. Later, however, it has become
increasingly clear that Treg shows high heterogeneity, and the dif-
ferent levels of Helios and Nrp1 are not exclusive markers of any
of the two [13, 27].

Helios is a zinc finger transcription factor (TF) present in
about 70% of murine blood circulating Tregs, and Tregs present
peripheral lymphoid tissues. In the thymus, more than 95% of
Treg cells are Helios™; however, in Helios-deficient mice, thymic
Treg development was not affected, which suggests that Helios
is not mandatory for thymic Treg lineage commitment [28, 29].
Helios is considered a T-cell activation marker on many T-cell
subsets, including, but not limited to, Treg [30, 311, the expres-
sion of which is inducible by in vitro TCR activation or TGF-8
treatment [25]. Nevertheless, in Treg, it is debated whether
Helios represents a factor actively contributing to Treg stability
and suppressive function or is merely a marker of activation;
finally, species-related differences may exist, as well [32, 33].
Nrpl is a transmembrane glycoprotein of the semaphorin III
receptor [34], playing important roles in the dendritic cell-Treg
interaction during antigen presentation. Nrp1 has been described
as a factor essential to Treg stability and efficient immunosup-
pression [35], but it may play other roles as well, as in some
solid tumors, it was shown to be involved in the infiltration of
the tumor microenvironment by Tregs [36, 37]. Similar to Helios,
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originally, Nrpl was associated with nTreg rather than pTreg
cells [34], but later studies and human experiments challenged
this view [38]. Nevertheless, the fact that both markers relate to
Treg function is clear, and, as mentioned earlier, it is becoming
increasingly apparent in GI damage too [21, 22].

The aim of this study was to investigate the behavior of gut-
resident, peripheral, and circulating Treg subsets displaying dif-
ferent patterns of Helios and Nrpl coexpression, under the influ-
ence of posttransplant GI-aGvHD (allograft transplantation and
GI-aGvHD). Pretransplantation conditioning in the absence of an
allograft (syngraft transplantation without GI-aGvHD), and gut
stress unrelated to hematopoietic stem cell transplantation (chem-
ically induced IBD).

We demonstrate that, in addition to several similarities
observed between the effects of these stressors on host Treg cells,
conditioning by irradiation induces unique, characteristic changes
in the balance of Treg subsets differentially expressing Nrpl and
Helios. Further, we show that select biomarkers, characteristic for
a Treg response in posttransplant GI-aGvHD, appear on host Treg
cells in a subset-specific manner, predominantly in the Treg subset
most affected by pretransplant conditioning.

Methods
Mice

All animal experiments were conducted with the approval of the
Institutional Animal Care and Use Committee and the National
Scientific Ethical Committee on Animal Experimentation. All pro-
cedures conformed to the Directive 2010/63/EU on the Euro-
pean Convention for the protection of animals used for scien-
tific purposes. Wild-type C57/BL/6J (hereafter B6), B6.SJL-Ptprca
Pepcb/BoyJ (B6 CD45.1), C57/BL/6-Tg(CAG-OVA)-916Jen/J (B6
transgenic actin beta promoter-controlled, membrane bound,
chicken ovalbumin antigen [Act-mOVA]), C57/BL/6-Tg(TcraTcrb)
1100Mjb/J (B6 OT-I), and B6.Cg-Foxp3tm2(EGFP)Tch/J (B6
Foxp3-green fluorescent protein [GFP]) mice were obtained from
The Jackson Laboratory (Bar Harbor, ME, USA). Animals were
kept in a minimal disease environment (see Supplementary Data
1), in a temperature-controlled room, in individually ventilated
cages, on a 12L:12D cycle, with free access to food and water,
with mouse igloos (Tecniplast) providing environmental enrich-
ment. In all experiments, female mice were used at 8-16 weeks
of age, treated as described below, or left untreated to serve as
internal experimental controls.

B6 and B6 Act-mOVA mice were maintained by breeding wild-
type B6 mice to hemyzigote B6 Act-mOVA animals. Cohoused
F1 generation littermates were genotyped by quantitative poly-
merase chain reaction, with Tagman probe sets specific for the
chicken ovalbumin (Assay ID: Gg03366807_ml) and mouse
transferrin receptor (Assay ID: 4458370) genes, used as test and
reference, respectively, to identify B6 and B6 Act-mOVA animals
for experiments. Genotyped B6 and B6 Act-mOVA animals were
cohoused from birth to the age of 4-6 weeks, thereafter sepa-
rated, treated, and compared as described below. B6 CD45.1, B6
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OT-1, and B6 Foxp3-GFP mice were maintained by homozygous
mating, with their genotypes validated by flow cytometry, using
CD4-Vioblue, CD45.1-APC (both from Miltenyi Biotec), CD45.2-
AlexaFluor700 (BioLegend), CD8-PerCP-Cy5.5 (Transcription Fac-
tor Staining Buffer Set [Thermo]), and TCRva2-FITC antibodies
(Becton Dickinson). B6 OT-I and B6 Foxp3-GFP mice served as
cell donors for experiments, did not receive treatments, and were
not compared to other strains.

Allogeneic HSCT

Allogeneic HSCT was performed to induce murine experimen-
tal acute GI GvHD as described earlier [39], with modifications
implemented to ensure conformity with the European Directive
2010/63/EU by refining protocols to reduce weight loss and host
mortality in order to reduce animal suffering and animal num-
bers used, and in order to minimize the presence of graft Treg
in the host by day 4 post-aHSCT. Briefly, B6 act-mOVA mice
received 11 Gy total body irradiation (TBI) in two doses, 3 h
apart (5.5 Gy each, 137.37 c¢Gy/min). Next, irradiated animals
were transplanted with 3 x 10° allogeneic bone marrow cells and
1 x 10° splenocytes obtained from B6 OT-I mice. Recipients were
grafted via retroorbital injection, under ketamine—xylazine anes-
thesia. Pilot experiments were performed to verify the develop-
ment of GVHD and define optimal timing for Treg isolation; in
these experiments, grafted mice were monitored for weight loss,
hunchback, ruffled fur, and signs of apathy for 14 days and euth-
anized on days 4, 7, 9, and 14 after aHSCT by CO, asphyxiation.
In actual studies, mice were euthanized on day 4 after aHSCT by
CO, and immediately subjected to tissue removal and processing
for downstream analyses.

Syngeneic HSCT

Syngeneic HSCT was performed to induce radiation-mediated
experimental gut damage in the context of HSCT without the
development of acute GI GvHD. To this end, B6 Act-mOVA mice
were used as syngeneic graft donors and their B6 Act-mOVA lit-
termates as graft recipients (B6 Act-mOVA — B6 Act-mOVA). All
other conditions of transplantation, graft preparation and trans-
fer, animal monitoring, and tissue removal were performed as
described under allogeneic HSCT.

DSS treatment

Administration of dextran sodium sulfate (DSS) solution was used
to induce experimental gut damage and colitis in the absence of
irradiation-mediated gut damage and acute GI GvHD. In these
experiments, 2% DSS (Sigma-Aldrich) was dissolved in drinking
water and made available to B6 mice ad libitum, replenished
every 2 days. In pilot experiments verifying the development of
DSS colitis and defining optimal time points for tissue retrieval,
mice were monitored for weight loss, hunched back, diarrhea,
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and fecal blood for 7 days and euthanized on days 5-7 by CO,
asphyxiation. In actual studies, mice were euthanized on day 6
after the beginning of the treatment by CO,, and tissue samples
were collected for downstream analyses.

Tissue sample processing

T cells were isolated from the peripheral blood, spleen, mesen-
teric lymph nodes (MLNs), small intestinal lamina propria (SILP),
small intestinal epithelia (SIEL), large intestinal lamina propria
(LILP), and large intestinal epithelia (LIEL) of the analyzed ani-
mals, as indicated. Spleen and MLN were disrupted mechanically,
using 20 um strainers. Small and large intestines were processed
by automated tissue dissociation using the Mouse Lamina Propria
Dissociation kit (Miltenyi Biotec) in a Gentle magnetic-activated
cell sorting (MACS) Octo Dissociator with Heating Upgrade (Mil-
tenyi Biotec), followed by Percoll gradient (40%,/80%, GE Health-
Care) centrifugation, and the isolation of the mononuclear cell
fraction for downstream analyses. Erythrocytes were removed
using the Pharm Lyse buffer, and T cells were identified and ana-
lyzed by flow cytometry or subjected to MACS or fluorescence-
activated cell sorter (FACS) sorting for further analyses. In all T-
cell isolation procedures, fresh tissue samples were used. Sample
processing began within 30 min upon tissue sample retrieval. The
median processing time was 40 min for spleen and MLN, 3 h for
intestinal samples. Yield was determined by Trypan blue stain-
ing, and 0.5 x 10° (median yield for SILB LILB SIEL, LIEL, and
blood) — 3 x 10° cells (spleen, MLN cells) per sample were pro-
cessed for staining.

Flow cytometry

For flow cytometry, mononuclear cells obtained from tis-
sues were stained with CD4-Vioblue (Miltenyi), CD25-APC
(Miltenyi), Foxp3-Vio515 (Miltenyi), Helios PE-Vio615 (Mil-
tenyi), CTLA-4-PE (Miltenyi), OX40-PE (Miltenyi), Nrpl-PerCP-
eFluor710 (Thermo), CD39-SuperBright600 (Thermo), LAG3-
SuperBright600 (Thermo), TGF-p1/LAP-AlexaFluor594 (R&D),
granzyme B (GZMB)-PE-Cy7 (Thermo), granzyme A (GZMA)-PE-
Cy7 (Thermo), interleukin-10 (IL-10)-PE-Cy7 (BioLegend),
integrin-f7  (ITGB7)-AlexaFluor700 (Novus), CD8-PE-Cy7
(Thermo), and eBioscience Fixable Viability Dye eFluor780
(Thermo) in various combinations, in eight to nine color fluores-
cent panels (see Supporting Information Table 1), as indicated.
Cells were stained using the Foxp3/Transcription Factor Staining
Buffer Set (Thermo), following the manufacturer’s instructions.
Briefly, cells were stained for viability, washed in MACS buffer
(Miltenyi), stained for surface antigens, fixed, permeabilized,
washed in fix-perm buffer, stained for intracellular antigens,
washed, and resuspended in Perm buffer for flow cytometry.
Samples were passed through a 20 um strainer (Miltenyi), and
single-cell suspensions were analyzed immediately on a Cytoflex
flow cytometer (Beckman Coulter). Marker staining for flow
cytometry began immediately upon tissue sample processing; the
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median processing time was 2.5 h. Raw data were analyzed with
FlowJo v.10.8.0 (Becton Dickinson). Markers describing the rela-
tive frequency of Treg cells and their subsets were evaluated by
comparing percent positivity (CD4, CD25, Foxp3, Nrpl, Helios);
the level of expression of Treg markers relating to Treg function
was analyzed by comparing mean fluorescence intensity (CTLA-4,
0X40, CD39, CD25, LAG3, TGF-p1/LAR GZMB and A, IL-10, and
integrin-beta 7).

FACS sorting

Splenic mononuclear cells were retrieved from the spleens of
healthy B6 Act-mOVA/Foxp3-GFP mice, as described under
tissue sample processing. Splenocytes were labeled with CD45.1-
APC (Miltenyi), CDA45.2-AlexaFluor700 (BioLegend), CD4-
Vioblue (Miltenyi), CD25-PE (Miltenyi), Nrpl-PerCP-eFluor710
(Thermo), ITGB7-PE (Miltenyi), or OX40-PE (Miltenyi), antibod-
ies, in different panels, as indicated, passed through a 20 um
strainer (Miltenyi), and single-cell suspensions were FACS-sorted
using a SH800S sorter (Sony). Purity checks were done upon
sorting, by flow cytometry, as shown.

MACGCS sorting

CD8* T cells (conventional T cell [Tconv]) were isolated from the
spleens of healthy wild-type B6 mice using the CD8a™ T Cell Iso-
lation Kit, mouse (Miltenyi) on an AutoMACS Pro magnetic cell
sorter (Miltenyi), using the manufacturer’s instructions. Purity of
sorted CD8* T cells was controlled upon sorting, by flow cytome-
try (not shown).

In vivo cell tracking

For in vivo tracking of graft and host Treg cells after
aHSCT, transplantation was performed using CD45.2 B6 OT-
I grafts containing CD45.1 B6 Treg cells only, and CD45.2
B6 OVA hosts. To this end, CD45.2 B6 OT-I grafts devoid of
Ly/singlet/Live/CD4*/CD25" Treg cells were prepared by FACS
sorting. Next, these samples were spiked with FACS-sorted B6
CD45.1 of Ly/singlet/Live/CD4*/CD25M Treg cells in numbers
equivalent to those of B6 CD45.2 Treg present before depletion.
Frequency of CD45.2 B6 OT-I Treg before graft manipulation, suc-
cessful depletion, purity of CD45.1 B6 Treg used for graft spik-
ing, and frequency of CD45.1 B6 Treg after graft manipulation
were assessed by flow cytometry. Finally, the frequencies of graft
CD45.1 and host CD45.2 Treg were compared in the peripheral
blood, spleen, MLN, SILE and LILP of transplanted B6 OVA ani-
mals on day 4 after aHSCT.

Transcriptome profiling

For transcriptome profiling, Ly/singlet/Live/CD4"/Foxp3*/Nrp
1t/0X40Mm8  Ly/singlet/Live/CD4* /Foxp3t/Nrpl~/0X409m™,
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Ly/singlet/Live/CD4*/Foxp3*/Nrpl*/ITGB7*, and Ly/singlet/
Live/CD4"//Foxp3*t/Nrpl~/ITGB7~ Treg subsets of Act-
mOVA/Foxp3-GFP mice were sorted into the lysis buffer of
RNeasy Micro Kit Plus (Qiagen). Ribonucleic acid purity, integrity,
and concentration were analyzed on RNA 6000 Pico Chips, with
the help of a 2100 Bioanalyzer (both from Agilent). Messenger
RNA (mRNA) enrichment, library preparation, and transcriptome
profiling by next-generation sequencing (NGS), 6 Gb Pe150, Illu-
mina Hiseq, were done by Novogene Co., Ltd. See the Statistics
section for data processing, statistical comparison of the tran-
scriptome data of Treg subsets, and identification of differentially
expressed genes (DEGs).

Transcription factor enrichment analysis

TFs involved in the regulation of DEGs were predicted using the
CiiiDER algorithm, as described [40]. Briefly, TFs with significant
binding site enrichment in DEG promoters were listed using TF
databases and dedicated software tools. First, known TF binding
sites of the promoters of DEGs in a given statistical comparison
were retrieved from the GRCm38.94 assembly using the 2022
core vertebrate nonredundant JASPAR TF database [41] with a
deficit limit of 0.15. Next, these sets were compared to a refer-
ence set consisting of TF binding sites of unaffected genes in the
given comparison (non-DEGs). Non-DEGs were defined as genes
with an absolute log2 fold change <0.05 and an average expres-
sion above the 25th percentile. Finally, TFs displaying p < 0.05
enrichment in the DEG set compared to the non-DEG reference
were listed and considered having significant binding site enrich-
ment in the promoters of the given set of DEGs.

In vitro Treg suppression assay

T-cell assays are described in accordance with the MIATA guide-
lines [42]. For in vitro Treg suppression assays, splenic Ly/singlet/
Foxp3*/Nrplt/0X40Mis"  Ly/singlet/Foxp3+/Nrpl~/0X40dm,
Ly/singlet/Foxp3*/Nrp1*/ITGB7", and Ly/singlet/Foxp3*/
Nrpl~/ITGB7~ Treg subsets of B6 Foxp3-GFP mice were sorted
into distinct wells of tissue culture-ready 96-well U-well plates
(Sarstedt) in different numbers; that is 12500, 6250, 3125, and
1563 Treg cell/well each. Treg were sorted directly into 100 uL
of Advanced RPMI (Thermo) supplemented with 10% FBS
(Thermo), 10 mM HEPES (Thermo), 50 uM B-mercaptoethanol
(Sigma-Aldrich), 1% GlutaMAX (Thermo), and 1% penicillin-
streptomycin (Thermo). Next, MACS-sorted CD8" Tconv cells
were labeled with a carboxyfluorescein succinimidyl ester (CFSE)
tracker (Molecular Probes) and seeded on top of the FACS-
sorted Treg cells, 12::500 CD8" Tconv cells each (1:8, 1:4. 1:2,
1:1 Tconv/Treg ratio) in 50 uL aliquots. Finally, CD8" Tconv

cells were expanded using the Dynabeads Mouse T-Activator
CD3/CD28 for T-Cell Expansion and Activation kit (Thermo),
that is by aCD3/28 microbeads (cell:bead ratio 1:1) and IL-2
(30 IU/mL). Cell culture volume was adjusted to 250 uL/well;
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cultures were mixed thoroughly and left undisturbed for 96 h.
After 96 h, CD8" Tconv cells were identified with CD8-PE-Cy7
(Thermo) staining, and the dilution of their carboxyfluorescein
succinimidyl ester staining was analyzed by a Cytoflex flow
cytometer (Beckman Coulter). For all experiments, monocul-
tures of unstimulated and stimulated CD8" Tconv cells served
as negative and positive controls, respectively. Raw data were
analyzed with the cell proliferation module of FlowJo v 10.8.0.
Treg-mediated suppression of cell division was calculated based
on the cell division index (DI), as follows: percent suppression
100 — (DI of Tconv stimulated, left
unsuppressed/DI of Tconv stimulated, Treg suppressed) x 100.
Sorting parameters, cell culture media, and assay functionality
were pretested in pilot studies; percent suppression exceeding
20% was considered proof of Treg-mediated suppression.

of clonal expansion =

In vivo Treg suppression assay

For in vivo Treg co-administration experiments, B6 OVA mice were
transplanted either with B6 OT-I grafts as described under allo-
geneic HSCT or with B6 OT-I grafts containing FACS-sorted Ly/
singlet/Foxp3*/Nrp1*/0X40"8" or Ly/singlet/Foxp3*/Nrpl~/
0X409™ Treg cells. First, Ly/singlet/Foxp3*/Nrpl*/0X4QPright
and Ly/singlet/Foxp3*/Nrpl~/0X404™ Treg cells of B6 Foxp3-
GFP mice were FACS-sorted as described under Treg suppression
assays, to U-well plates, 20::000 Treg cells per well. Next, 1 x 10°
splenocytes of OT-1 mice were added to sorted Treg subsets (~2:1
Treg/CD8" Tconv cell ratio). Finally, B6 OVA mice were grafted
with 3 x 10° bone marrow cells and 1 x 10° splenocytes of OT-I
mice with or without Treg admixture. Grafted B6 OVA hosts were
monitored for weight loss and survival for 12 days after aHSCT.

Statistics

GVHD disease course was analyzed with GraphPad v 9.11 (Graph-
Pad Software, Inc.). Weight loss and survival were analyzed
using the mixed effects model and Kaplan—-Meier survival anal-
ysis, respectively. Results of multiple group comparisons were
corrected using the Sidak method; p < 0.05 was considered sta-
tistically significant.

Flow cytometry data were analyzed in GraphPad to identify
Treg markers affected (i) by the applied treatment, (ii) by the
local tissue environment, and (iii) by subset (defined by Hrpl
and Helios staining, as indicated), and the interaction of these
factors. Treg isolated from the same animal were analyzed in a
linked manner, considering the subject/animal as a random factor.
Outliers were identified using the Robust regression and Outlier
removal method. Paired t-tests and one-way, two-way, and three-
way analyses of variance (ANOVAs) or repeated measures analy-
sis of variance were used, as appropriate, to identify the impact
of factors on Treg marker expression, also analyzing factor inter-
actions. Missing values were handled by using a mixed effects
model. Next, Treg markers significantly affected by experimental
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factors were introduced into Fisher’s least significant difference
test as a post hoc test. In all analyses, p < 0.05 was considered
statistically significant.

For NGS data analysis, FPKM (expected number of frag-
ments per kilobase of transcript sequence per millions base
pairs sequenced) was used to estimate gene expression lev-
els [43]. Readcount was normalized with the DESeq method
[44], and the negative binomial distribution model was applied
to calculate nominal alpha (p-values). Finally, unadjusted p-
values were further adjusted for multiple hypothesis testing by
the Benjamini-Hochberg method [45] to obtain false discovery
rate. Genes displaying log2 fold change >1 and an adjusted
p < 0.05 between compared groups were considered differentially
expressed (DEGs).

Results

Initial marker screening defines a set of host Treg
markers affected by experimental GI-aGvHD across
multiple tissue environments

We first sought to identify host Treg markers affected by the
rise of severe sublethal acute GI graft versus host disease
(GI-aGvHD) developed in the act-mOVA/OT-I antigen-specific
transgenic TCR model (Fig. 1A,B). First, we confirmed that the
model allows for focused analysis of host Treg on day 4 post-
aHSCT (Fig. 1C,D), and next, we sought to define the key
factors affecting marker expression (Fig. 2): environs selected
to be analyzed, possibly affecting Treg markers were (i) tis-
sue environment, (ii) conditioning-independent gut damage, (iii)
conditioning-mediated gut damage, and (iv) allograft-mediated
gut damage in aHSCT.

To this end, a comprehensive marker screening of host
Treg cells was performed by multiparametric flow cytometry
in the peripheral blood, spleen, MLN, SILE LILE and among
the small and large intestinal intraepithelial lymphocytes (SIEL,
LIEL, respectively) of mice developing gut damage induced in
a conditioning/HSCT-independent manner (DSS colitis), upon
conditioning (syngeneic HSCT), and in GI-aGVHD (allogeneic
HSCT). Tregs retrieved from the above tissues were identified
as Ly/Live/CD4%/CD25%/Foxp3™ cells [46-48] and tested for
the expression of CD25, OX40 (CD134), Helios, Nrpl, CD39,
LAG3, CTLA-4, LAP/TGF-p1, IL-10, ITGB7, GZMB, and GZMA;
see Fig. 2A for Treg gating strategy and representative results
obtained by flow cytometry.

We first categorized Treg markers to identify markers affected
either by the most relevant stressor, that is GI-aGvHD fol-
lowing aHSCT, and the relevance of tissue environment, as a
possible cofactor affecting Treg marker behavior. We ordered
subset-specific and functionality-related Treg markers into three
categories, that is we identified markers affected by GI-aGvHD fol-
lowing aHSCT (Fig. 2B), by tissue localization (Fig. 2C), or by GI-
aGvHD depending on tissue localization (Fig. 2D). As expected,
aHSCT and the rise of GI-aGvHD had a profound effect on Treg

© 2024 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.
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numbers in GvHD target organs (see Supporting Information
Fig. 1). In addition to Treg depletion, aHSCT followed by GvHD
clearly affected host Treg subset frequency (Fig. 2E) and marker
expression (Fig. 2F), too, by decreasing the frequency of Treg
subsets expressing Helios (p < 0.0001) and Nrpl (p < 0.0001),
decreasing surface levels of CD25 (p = 0.0002) on Treg, and ele-
vating the levels of LAG3 (p = 0.0278), LAP/TGFg1 (LAP/TGFb,
p = 0.0057), ITGB7 (p = 0.0129), and OX40 (p = 0.0009)
(Fig. 2E,F). Tissue localization altered the expression of CD39
on host Treg (p < 0.0001), although CD39 remained completely
unaffected by GI-aGvHD itself (Fig. 2C). On the other hand, we
also found that the effect of GI-aGvHD was dependent on tis-
sue environment in case of LAG3 (p = 0.0053) and LAP/TGF-
1 (p = 0.002) (Fig. 2D) as they were induced by GI-aGvHD
in Tregs present in SLOs (spleen and MLN) but remained unaf-
fected within the target organs of the disease (LILP and SILP).
Treg cells’ staining for GZMA, GZMB, IL-10, and CTLA-4 remained
unaffected by both tissue localization and GI-aGvHD (not shown).
At the end of the initial marker screening, all Treg markers unaf-
fected by GI-aGvHD, and unaffected by GvHD in target tissues,
that is CD39, CTLA-4, LAG3, LAP/TGFbl, GZMA, GZMB, and
IL-10, were excluded from further studies. Moreover, as under no
circumstances analyzed was the presence or immigration of Treg
in the IEL compartments observed during the rise of aGvHD (Sup-
porting Information Fig. 1), these tissues were also removed from
further analysis.

Conditioning by irradiation induces unique,
characteristic shrinkage of the host Nrp1*/Helios*
Treg subset before the development of GI-aGvHD

Considering that the presence or absence of Helios and Nrp1 in
Treg cells was shown to deeply affect Treg functionality in GI tis-
sue damage caused by IBD [21, 22], and that no such data are
available in gut damage caused by conditioning or GI-aGVHD, we
next set out to clarify the relationship between the behavior of
these markers and IBD-linked gut damage, conditioning-induced
gut damage, and GI GvHD. To this end, we tested their expres-
sion in gut damage unrelated to both irradiation and GI-aGvHD
(IBD developed in DSS colitis), irradiation-induced gut damage
without GI-aGvHD (syngraft transplantation), and irradiation-
induced gut damage with GI-aGvHD (allograft transplantation).
Our analysis disclosed that some Treg markers, such as CD25,
were affected by all analyzed forms of gut stress evaluated, in
virtually the same manner, and hence, these changes may bear
limited specific relevance to GI-aGvHD (Fig. 3A). In contrast,
a markedly decreased frequency of Nrpl- and Helios-positive
Treg was significantly associated with pretransplant conditioning
(syngraft transplantation) and posttransplant GI-aGVHD (allo-
graft transplantation) (Fig. 3A). Considering that in aHSCT,
pretransplant conditioning predates the posttransplant rise of GI-
aGvHD, that the former is a prerequisite of the latter, and that
there was virtually no difference between the effect of these
two stressors on the frequency of Nrplt and Helios™ Treg,
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Figure 1. Experimental setup and model validation: the OT-I/transgenic actin beta promoter-controlled, membrane-bound, chicken ovalbumin
antigen (Act-mOVA) antigen-specific transgenic T-cell receptor for antigen (TCR) model of gastrointestinal acute graft versus host disease (GI-
aGvHD) in the analysis of host Treg cells, day 4 post-allogeneic hematopoietic stem cell transplantation (aHSCT). (Panel A) Allograft-induced sub-
lethal GI-aGvHD developed in a transgenic TCR-based (OT-I), minor allele mismatch (OVA) murine model of GI-aGvHD, as compared to lethal dose
total body irradiation (TBI) rescued by syngraft administration. (Panel B) Weight loss and host survival in GI-aGvHD following allogeneic HSCT,
as compared to syngeneic HSCT serving as reference. The weight loss graph displays daily changes in body weight of the experimental groups
indicated, mean and SEM, compared to initial (percent). The Kaplan-Meier plot shows overall survival in the same groups (percent). Black: GI-
aGVHD induced in B6 Act-mOVA mice after conditioning by lethal dose TBI and allograft transfer using B6 OT-I mice as graft donors (OT-I — OVA
allograft/GI-aGvHD) Gray: syngeneic HSCT using the same conditioning regimen, but syngraft transfer performed with B6 OVA mice serving as graft
donors (OVA — OVA syngraft/no GI-aGvHD). Summary of two independent experiments, n = 7 each, n = 14 total, mixed model analysis of variance
(ANOVA), arrows and stars indicate significant differences in the Sidak test; *p < 0.05, *p < 0.01. (Panel C) In vivo tracking of CD45.1* graft-derived,
and CD45.2" host Treg cells in different tissues of a CD45.2" B6 OVA host 4 days after B6 OT-I allograft transplantation. (Panel D) relative frequencies
of CD45.1* graft- and CD45.2" host-derived Treg in the blood, spleen, mesenteric lymph nodes (MLN), small intestinal lamina propria (SILP), and
large intestinal lamina propria (LILP) of the host on day 4 post-allogeneic hematopoietic stem cell transplantation (aHSCT) (representative data
and results of one experiment are shown, n = 4; the bar graph displays mean and SD). (Panel E) Validation of the fluorescence-activated cell sorter
(FACS)-assisted replacement of graft CD45.2 Treg with equal numbers of CD45.1 Treg. Representative data showing CD45.1 and CD45.1 stainings of
cells within the Treg gate after FACS-assisted CD45.2" Treg depletion, CD45.1" Treg sorting, and CD45.1" Treg reconstitution of the graft.

the data suggest that Helios and Nrpl were affected by con-
ditioning, present in both experimental groups, and this effect
propagated to subsequent GI-aGvHD (Fig. 3A). Further anal-
ysis made it clear that pretransplant conditioning shifted the

ative frequency of Nrpl®/Helios™ Treg cells within the Treg
compartment, whereas it elevated that of their Nrpl~/Helios™
counterparts (Figs. 3B and 4 ). In contrast, the relative fre-
quency of single positive, that is Nrp1~/Helios™ or Nrp1*/Helios™
subset distribution of host Treg cells in a selective, subset- Treg, remained less affected, if at all, by the analyzed stres-

dependent manner. Conditioning strongly diminished the rel- sors (Fig. 4). Of note, this effect occurred widespread, in

© 2024 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.
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Figure 2. Initial marker screening: Identification of Treg markers affected by the development of gastrointestinal acute graft versus host disease
(GI-aGVHD), by local tissue environment, and by GI-aGvHD in a tissue-dependent manner. (Panel A) Flow cytometric gating strategy defining Treg
cells of a murine host developing GI-aGvHD in the OT-I/transgenic actin beta promoter-controlled, membrane-bound, chicken ovalbumin antigen
(Act-mOVA) model of sublethal GI-aGvHD. Representative data obtained from a nine-color flow cytometric Treg marker panel showing staining
of splenic Treg for CD25 versus. Neuropilin-1 (Nrp1), CTLA-4, granzyme B (GZMB), CD39, and LAP/TGFp. (Panels B-D) Representative examples of
(B) Treg markers affected by GI-aGvHD regardless of the tissue environment (e.g. Helios), (C) Treg markers affected by local tissue environment
irrespective of the presence and absence of GI-aGVHD (e.g. CD39), and (D) Treg markers affected by GI-aGvHD in a tissue-restricted manner (e.g.
LAP/TGFb). Marker staining in the blood, spleen, mesenteric lymph nodes (MLN), small intestinal lamina propria (SILP), and large intestinal lamina
propria (LILP) is shown, as assessed by flow cytometry. Untreated healthy controls (blue) are compared to mice with GI-aGvHD (red). Stars indicate
significant differences observed in three different statistical comparisons, as indicated above each diagram. Box and whisker plots display results
of two independent experiments, n = 3 each, n = 6 total, min, max, and median values, with groups compared with two-way analysis of variance
(ANOVA); results of Fisher’s least significant difference (LSD) test are shown by stars; *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. (Panels E
and F) Summarized data of all identified host Treg subsets (E) and markers (F) that were affected by GI-aGvHD across multiple tissue environments
(blood, spleen, MLN, LILP, SILP); untreated healthy controls (blue) are compared to mice with GI-aGvHD (red). Box and whisker plots display results
of two independent experiments, n = 3 each, n = 6 total, min, max, and median values, groups compared with a two-way ANOVA,; the significance
of GI-aGvHD as a factor is shown by stars; *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.

virtually all tissues analyzed (Fig. 4). Taken together, a
reduction of the relative frequency of Nrp1*/Helios™ Treg, accom-
panied by an increase in the relative frequency of Nrp1~/Helios™
Treg, were phenomena characteristic for a host developing GI-
aGvHD, but they were conditioning-induced events, not directly
related to aGvHD, and they occurred as systemic changes affect-
ing multiple tissues of the host.

Acute gastrointestinal GvHD increases expression of
0OX40 and ITGB7 on Treg cells, unlike conditioning by
irradiation or conditioning-independent gut damage

Next, we sought to identify Treg markers differentially regu-
lated by Nrpl*/Helios™ and Nrpl~/Helios~ Treg, which were
closely linked to the development of GI-aGvHD, but not the

© 2024 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

other two analyzed stressors, that is irradiation-dependent and
-independent gut barrier damage. Among the markers analyzed,
0X40 and ITGB?7 fulfilled these latter criteria. OX40 and ITGB7
showed significantly increased expression in allografted animals
developing GI-aGvHD compared to healthy controls, and this
behavior differed significantly from their reaction or their lack of
reaction to either radiation-dependent or -independent gut dam-
age (Fig. 5A).

The Nrp1+*/Helios* Treg population is the subset most
prone to express gut homing and activation markers
in posttransplant GI-aGvHD

We next sought to clarify if there was any difference between the

Treg subsets most affected by pretransplant conditioning in terms
of their relative contribution to the increased ITGB7 and OX40
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Figure 3. Similar changes in host Treg CD25 expression and the relative frequency of Neuropilin-1 (Nrp1)* and Helios* Treg subsets in three
distinct forms of gut damage: dextran sodium sulfate (DSS) colitis, total body irradiation, and gastrointestinal acute graft versus host disease
(GI-aGVHD). (Panel A) Alterations in host Treg cells’ CD25 expression and Treg subset frequencies displaying Nrp1 and Helios in three distinct forms
of gastrointestinal stress. Summarized data obtained from the blood, spleen, mesenteric lymph nodes (MLN), small intestinal lamina propria (SILP),
and large intestinal lamina propria (LILP) of untreated healthy control mice (blue), mice with DSS-induced gut damage (white), mice undergoing
conditioning by irradiation without the development of GI-aGvHD (orange), and animals with conditioning and GI-aGvHD (red). Box and whisker
plots show results of two independent experiments, n = 3 each, n = 6 total, min, max, and median values. Data analyzed by two-way analysis of
variance (ANOVA), stars indicate results of Fisher’s least significant difference (LSD) test; *p < 0.05, ***p < 0.001, ***p < 0.0001. (Panel B) Representative
raw data showing typical patterns of CD25, Nrp1, and Helios staining in splenic Tregs; frames indicate treatment groups by color (blue, white, orange,

and red).

expression in posttransplant GI-aGVHD. Flow cytometric stain-
ing patterns suggested that Helios™ and Nrp1* Treg may express
higher levels of 0X40 and ITGB7, than their Helios™ and Nrp1~
counterparts, and this difference remained stable both in the pres-
ence and absence of GI-aGvHD (see Fig. 5B for representative flow
data). Statistical analysis of Treg obtained from all analyzed tis-
sues confirmed this (Fig. 5C); the presence of Helios in Treg cells
was associated with higher levels of both ITGB7 (p < 0.0001) and
0X40 (p < 0.0001) expressions, and a similar link could be estab-
lished between the presence of Nrp1 and both ITGB7 (p = 0.0115)
and OX40 (p = 0.0080), too.

Further statistical analysis revealed that these differences may
be markedly affected by GI-aGvHD, in a marker- and tissue
environment-dependent manner (Fig. 6). We found that in GI-
aGvHD, only Helios™ Treg react with a further extension of the
already elevated expression of ITGB7 (interaction between GvHD
and Helios status as factors p < 0.001), whereas such a reac-

© 2024 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

tion was virtually absent in Helios™ Treg, and this difference was
apparent in all analyzed tissues (Fig. 6A top). A similar, albeit
weaker link (tissue as additional modifier effect, p = 0.0171)
was found between Helios™ status and the readiness to further
upregulate OX40 (Fig. 6A bottom). In contrast, Nrpl™ status was
less influential to the reactivity in GvHD; Nrpl* Treg displayed
higher levels of OX40 in secondary lymph organs and the SILP
of animals affected by GI-aGvHD (Fig. 6B bottom), but the pres-
ence of Nrpl did not affect their readiness to upregulate ITGB7
(Fig. 6B top). Taken together, these data suggest that pretrans-
plant conditioning decreases the relative size of those Treg sub-
sets among Treg cells, displaying Helios and Nrpl, which have
the high potential to upregulate two, activation- and gut homing—
related markers (OX40 and ITGB7) in many tissues affected by
posttransplant GI-aGvHD. In contrast, conditioning by irradiation
favors Helios™ /Nrp1~ Treg, which are not capable of responding
to GI-aGVHD.
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Figure 4. Pretransplant conditioning induces marked shrinkage of
the host Neuropilin-1 (Nrpl)*/Helios™ Treg subset; an effect propa-
gated to posttransplant gastrointestinal acute graft versus host dis-
ease (GI-aGvHD). Relative frequency of four Treg subsets, defined as
Nrplt/Helios™, Nrpl*/Helios™, Nrp1~/Helios™, and Nrpl~/Helios™ Treg
cells, shown in various tissues, as affected by different forms of gut
damage. Panel (A) displays respective subset frequencies in the periph-
eral blood, spleen, mesenteric lymph nodes (MLN), SIPL, and large
intestinal lamina propria (LILP), comparing animals in health (blue),
in dextran sodium sulfate (DSS)-induced GI damage (white), in con-
ditioning without GI-aGvHD (orange), and in conditioning followed by
the development of full-fledged GI-aGvHD (red). Box and whisker plots
summarize results of two independent experiments, n = 3 each, n = 6
total, min, max, and median values. Two-way analysis of variance
(ANOVA), stars indicate results of Fisher’s least significant difference
(LSD) test; *p < 0.05, **p < 0.001, ***p < 0.0001. Panel (B) displays summa-
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Transcriptome profiling confirms that host Treg
subsets sensitive to conditioning by irradiation are
related but functionally divergent and display
activated, gut-homing phenotypes

To better understand functional consequences of conditioning-
mediated shrinkage of Treg subsets in a healthy host undergoing
aHSCT, we further analyzed these subsets by transcription profil-
ing and live Treg suppression assays. Considering that permeabi-
lization for Helios staining is not compatible with live Treg sort-
ing and hence live Treg suppression assays, we opted for two dif-
ferent, Helios-independent sorting strategies to compare the Treg
subsets most affected by conditioning and GI-aGvHD.

First, we sorted splenic Ly/singlet/live/CD4*/Foxp3*/Nrplt/
0X40P18ht Treg to be compared with their Ly/singlet/live/CD4*/
Foxp3*/Nrpl—/0X409™ Treg counterparts. Next, we sorted Ly/
singlet/live/CD4*/Foxp3*/Nrpl*/ITGB7" Tregs to be ana-
lyzed in comparison with Ly/singlet/live/CD4"/Foxp3*/
Nrpl~/ITGB7~ Tregs (Fig. 7A,B). Purity of the sorted Treg
subsets was verified by flow cytometry (Fig. 7C). NGS confirmed
that the sorted subsets expressed Nrpl (p < 0.0001), OX40 mRNA
(p < 0.0001), and Helios (p < 0.0001) at different levels, in line
with surface staining, and expectations based on the close linkage
observed between them (Fig. 7D). Mean ITGB7 mRNA levels
followed the staining pattern, but this difference did not reach
significance after multiple testing corrections (p = 0.094, Fig. 7D).

Principal component analysis confirmed that individual sam-
ples obtained from the four sorted Treg subsets clustered closely
together (Fig. 7E), suggesting the existence of important between-
subset differences in their global gene expression patterns. Fur-
ther, both principal component analysis and multiple testing-
corrected pairwise statistics disclosed higher variation between
Treg subsets sorted for Nrpl and OX40 than for Nrpl and ITGB7
(Fig. 7E). Functional analysis of genes differentially expressed
(DEGs) by the four Treg subsets (Fig. 8A), performed with
the help of the GO Ontology, KEGG, and Reactome pathway
databases, revealed several differences and overlaps in the gene
sets expressed by Treg displaying these markers either individu-
ally, or in combination. Nrp1/0X40 coexpression affected gene
sets most enriched in transcripts related to cytokine signaling and
Treg activation, that is costimulatory ligands (upregulated OX40L,
LIGHT) egress from secondary lymphoid organs into tissues (e.g.
downregulated CCR7), markers characteristic or required for the
maintenance of a stable Treg phenotype, Treg survival, Treg
expansion (GITR, IL7, TNFRSF15), and increased suppressive
potential (upregulated IL-10, CCR8, IL1R2, IL33). Nevertheless,
several signatures of enhanced inflammatory cytokine produc-
tion were also observed, as well, possibly hinting to the com-
plex nature of OX40 signaling in Treg, and its context-dependent

P
<

rized data showing the four subsets affected by treatment only, across
all analyzed tissues; blood, spleen, MLN, SIPL, and LILP. Box and whisker
plots show results of two independent experiments, n = 3 each, n = 6
total, min, max, and median. One-way ANOVA; stars indicate results of
Fisher’s LSD tests; *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.
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Figure 5. Gastrointestinal acute graft versus host disease (GI-aGvHD) affects Treg cells’ integrin-p7 (ITGB7) and OX40 expressions, unlike other
stressors of the GI tract. (Panel A) Changes in the host Treg cells’ ITGB7 and OX40 expressions in GI-aGvHD, as compared to other stressors. ITGB7
and 0X40 stainings of host Treg cells in health, in distinct forms of gut damage without GvHD, and in GI-aGvHD. Top: data obtained from the blood,
spleen, mesenteric lymph nodes (MLN), SIPL, and large intestinal lamina propria (LILP) of healthy control animals (blue), of mice affected by dextran
sodium sulfate (DSS)-induced gut damage (white), and of conditioned mice without and with GI-aGvHD (orange and red, respectively). Box and
whisker plots show results of two independent experiments, n = 3 each, n = 6 total, min, max, and median, analyzed with two-way analysis of
variance (ANOVA); stars indicate results of Fisher’s least significant difference (LSD) test; *p < 0.05, *p < 0.01, ™p < 0.001, ***p < 0.0001. Bottom:
summarized data depicting treatment-dependent changes across all tissues analyzed; blood, spleen, MLN, SIPL, and LILP. Box and whisker plots
with results of two independent experiments, n = 3 each, n = 6 total, min, max, and median, analyzed with two-way ANOVA, stars indicate results
of Fisher’s LSD test; *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. (Panels B and C) Linking Treg subsets targeted by pretransplant conditioning
to markers affected by posttransplant GI-aGvHD. Dissection of the host Treg heterogeneity along Neuropilin-1 (Nrp1) and Helios, with focus on
ITGB7 and OX40 expressions. Representative data showing splenic Treg in health (blue frame) and in GI-aGvHD (red frame) and statistical analysis
comparing ITGB7 (left) and OX40 (right) levels in Treg depending on the presence and absence of Helios and Nrp1 coexpressions. Violin plots display,
results of two independent experiments, n = 3 each, n = 6 total, min-to-max data distribution, analyzed by two-way ANOVA. Stars indicate results

of Fisher’s LSD test; *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.

potential to destabilize Treg, and interfere with their suppressive
function (Fig. 8B). It was apparent that these genes show a sig-
nificant overlap with others’ reports on the transcriptional profile
linked to Helios positive Treg [21], suggesting that subsets com-
pared by NGS indeed strongly differ in their Helios expression.

In contrast, the Nrpl/ITGB7 status affected a smaller set of
mRNA transcripts in Treg cells, without significant enrichment in
any known functional gene network or functional cluster of tran-
scripts. Nevertheless, several adhesion- and cytoskeleton-related
Treg genes were found to be upregulated in Nrp1-/ITGB7-positive
Treg, which is consistent with their expected linkage to movement
and cell adhesion, both being important components of tissue-
specific homing (Fig. 8C).

Finally, NGS transcriptome profiling identified several mRNA
transcripts, related to Treg cells’ functional maturation, increased
suppressive activity, or increased sensitivity to external sig-
nals enhancing Treg-mediated suppression [49-55], which
were enriched in both Ly/singlet/Foxp3*/Nrplt/OX4Qbright

© 2024 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

Treg and Ly/singlet/Foxp3*/Nrplt/ITGB7* Treg, as compared
to their Ly/singlet/Foxp3*/Nrpl—/0X409™ and Ly/singlet/
Foxp3*/Nrpl~/ITGB7~ counterparts, respectively (Fig. 8D).

To further elucidate the mechanistic background of these
observations and better understand the transcriptional control
of the DEGs in the analyzed four Treg subsets, we performed
TF binding site enrichment analysis using CiiiDER [40]. We
found that binding sites of several TFs known to be involved
in Treg activation and function, such as IRF4, NFKB, BACH2,
EOMES, AP-1, STATS5, MYB, BATE and RUNX1 [56, 57], are sig-
nificantly enriched in the promoters of affected genes, suggest-
ing their active involvement in shaping the phenotype of the
subsets analyzed (Fig. 8E). However, it was also apparent that
Treg Nrpl/0X40 status was linked to a far larger number of
Treg-relevant TFs than the presence or absence of Nrpl/ITGB7
(Fig. 8E), supporting the notion that Nrp1/0X40 affects multiple
aspects of Treg function, whereas Nrp1/ITGB?7 influences a rather
limited set of Treg-relevant genes.

www.eji-journal.eu
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Figure 6. Treg subsets highly sensitive to pretransplant conditioning show stronger commitment to gut-homing and display increased responsive-
ness in gastrointestinal acute graft versus host disease (GI-aGvHD). Differences in the response of host Treg subsets displaying or lacking Helios
(A) and Neuropilin-1 (Nrp1l) (B) to the development of GI-aGvHD. Expression of integrin-p7 (ITGB7) (top) and OX40 (bottom) are shown. (Panel A)
Responsiveness of Helios* Treg (black) to GI-aGvHD, as compared to that of Helios™ Treg (gray), assessed by their readiness to upregulate markers
of gut homing (ITGB7) and activation (OX40). Bar graphs display results of two independent experiments, n = 3 each, n = 6 total, mean and SD, eval-
uated by three-way analysis of variance (ANOVA); results of Fisher’s least significant difference (LSD) test are shown by stars; *p < 0.05, *p < 0.01,
*'p < 0.001, *™*p < 0.0001. In-frame bars and stars indicate significant differences observed between Helios™ and Helios™ Treg subsets, in the same
tissue, under the same conditions. Above-frame bars and stars display differences in the marker expression of a given Treg subset, in a given tissue,
between health and GI-aGvHD. Above-frame bars and stars are color-coded; black = Helios™ Treg, gray = Helios™ Treg (none found). (Panel B) Similar
analysis of the impact of the presence and absence of Nrp1 on ITGB7 and OX40 expressions displayed by Treg in health and GI-aGvHD. Bar graphs
display results of two independent experiments, n = 3 each, n = 6 total, mean, and SD, analyzed by three-way ANOVA, results of Fisher’s LSD test
are shown by stars; *p < 0.05, *"p < 0.01.

CD4* Treg subsets displaying high sensitivity to of Tconv expansion than those Treg subsets that were not

conditioning by irradiation exert tighter control over
CD8* T-cell expansion

Finally, we compared the functional properties, and the live sup-
pressive capacity of the Treg subsets most affected by condition-
ing and GI-aGvHD. To this end, we introduced the above four
Treg subsets into standard suppression assays and assessed their
capacity to inhibit clonal expansion of cocultured CD8* T cells
upon aCD3/28 stimulation.

We found that host Treg subsets prone to shrinkage upon
pretransplant conditioning and displaying makers characteristic
for Treg reactive to GI-aGVHD were more capable suppressors

© 2024 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

affected by these stressors. Statistical analysis confirmed that
Ly/singlet/Foxp3*/Nrpl+t/0X408h Treg were more immuno-
suppressive in standard suppression assays than Ly/singlet/
Foxp3*/Nrpl—/0X409™ Treg cells (p = 0.0003, Fig. 8F).
Similarly, Ly/singlet/Foxp3*/Nrpl*/ITGB7" Treg suppressed
division of Tconv cells more efficiently than their Ly/singlet/
Foxp3*/Nrpl~/ITGB7~ counterparts (62 < 0.0001,
Fig. 8F).

Taken together, results obtained by NGS transcriptome pro-
filing and Treg suppression assays suggested that Treg sub-
sets most affected by pretransplant conditioning, and posttrans-
plant GI-aGvHD belong to functionally different but related Treg

www.eji-journal.eu

85U8017 SUOWILLIOD SAITe8.D 3|qed! [dde ay) Aq peusenob afe saoile YO ‘8sN JO SajnJ Joj Aeiq i auluO A3|IA UO (SUONIPUOD-PUE-SLLLS)L0D A8 | IMAle.d 1[eul|uoy/:Sdxy) SUonIpuoD pue swiis 1 8y} 8es *[20z/c0/.2] Uo Aeid1auliuo As|im ‘Usdeiged JO AisieAlun Ag 6T90SEZ0Z 1B/200T 0T/I0p/0D A8 | IMAkeq 1jpuluoy/:sdny Wwouy papeojumod ‘0 ‘TyTyTZST



Eur. J. Immunol. 2024;0:2350619 Immunodeficiencies and autoimmunity 13 of 1

Nrp1+OXd0and
104- 66,8
z
5
5 \—-
& =)
3 N
5 £ . X
B 5 03 — | 0
single Cells ¥
ful
Nrp1-0X40¢im =
/ 2 514 =z
p 10 . .
; e 10 10° 10
200K 400K 600K 800K1.0M 200K 400K 600K 800K1.0M Nrp1+OX40®ri Nrp1-PerCP-eF710
FSC-A / 4] 2712 \
FSC-A 109"
Nrp1+OXdgerant
1o 1.0m @ 104 027 5
Live CDd+ sook] g 3
130 ° 4 w x
: : o
5 PRLUS 2 g =
s a Nrpt-oxdosm | O 10° e
208
é lﬂz - ooy 5 z
L I o Nrpt.OXdotm
} Nrp1-PerCP-eF710 102 )
"2 3 7
- 10 10 10
o 100 10 10° 10 10 10* Nrp1-Percp-eF710
Live/Dead-eF780 Foxp3-GFP \
_ 1o Nrpt+ITGhT+
10° Nrp1+ ITGb7+. - +
707 10°3 ~
1]
w
10°3 & (Y]
i 5 =
" 2 1% > T
8 -
£ a
P
10'4 Nrp1-ITGb7- =z
10" P } T T T
% 102 Iﬂa m‘
;oz ‘103 ;°4 Nrp1-PerCP-eF710
Nrp1-PercP-eF710 \ .
10, Nrp1+ ITGb7+
151
10°7 E:
g )
£ —| E
g 102- =I
-
a
ok P
1. Nrp1-ITGb7- z
10 353 i
2 3 4
10 10 10
Nrp1-PercP-eF710 Nrp1 0X40 ITGB7 Helios
E 1.7 -1.7
[ = N Log2 Fold Change
T
[ ] 3 i
e dim ® + bright ] dim
Nrp1+ITGB7+ vs. Nrp1-/ITGB7- Nrp1-/0X40 Nrp1+/0X40°ishvs. Nrp1-/0X40
o ! ° N\
® ]
i
i [ )
e f .
= Nrp1-[ITGB7- = .
£ / i ® £
g, | 8
1 ! B
3 | e 3
] padj<0.05 § T SRS T T - o B padj<0.05
= llog2FoldChange|>1 2 i L4 = llog2FoldChange|>1
o £ [ ] § o
o 8 L ® o
2 o up 117 '\8 Nrp1+?ITGB7+ = © up 940
o © down47 i o ® down 299
o oy ' ~ a
' oiy e © NO 24234 i e ® NO 23061
o — )
10 . . i .
e i
i ) © /'
- Nrp1+/0X40Prioht
- i 101 4 -
k7 * a3 ¢ e i % 3 T T T
i -
Log2 Fold Change Log2 Fold Change
20 o 1 20

o
PC1 (42.00%)

Figure 7. Fluorescence-activated cell sorter (FACS) sorting and comparative transcriptome profiling of select Treg subsets differentially
affected by pretransplant conditioning in a healthy host. (Panel A) Representative data showing FACS sorting and transcriptome profiling of
select splenic Treg subsets of a healthy host disproportionally affected by pretransplant conditioning. Gating strategies applied to sort host
Ly/singlet/Live/CD4"/Foxp3+ Treg cells (Panel A) into Neuropilin-1 (Nrp1)*/0OX4018bt versus Nrp1-/0X40%4™ and Nrpl1*/integrin-p7 (ITGB7)* ver-
sus Nrp1~/ITGB7~ subsets (Panel B), followed by flow cytometry as purity assessment (Panel C) and transcriptome profiling showing messenger
RNA (mRNA) levels of Nrp1, 0X40, ITGB7, and Helios mRNA expression in the four subsets (Panel D). Principal component analysis (PCA) confirms
sorting marker expression as a principal component of variance (Panel E), markedly affecting the gene expression profile of the four subsets. Vol-
cano plots displaying the number of differentially affected genes, distribution of fold change, and significance (multiple testing corrected) obtained
by comparing the four subsets in a pairwise manner. Results of one experiment, n = 6, log2 fold change (FC) and p-values shown, the latter calculated
using a negative binomial distribution model, corrected by the Benjamini-Hochberg method for multiple testing.
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Figure 8. Functional analysis and suppressive activity of a healthy host’s Treg subsets most affected by pretransplant conditioning and subse-
quent gastrointestinal acute graft versus host disease (GI-aGVHD). Gene expression profiling of four Treg subsets most affected in pretransplant
conditioning by radiation, and in subsequent GI-aGVHD. Number (Panel A) and functional enrichment of Treg messenger RNA (mRNA) transcripts
(Panels B-D) differentially expressed by Neuropilin-1 (Nrp1)*/OX40Prght versus. Nrp1~/OX40%™ Treg (see Panel B for select examples),
Nrplt/integrin-g7 (ITGB7)" versus Nrpl=/ITGb7~ Treg (see Panel C for select examples), or behaving identically in both comparisons (see Panel
D for select examples). (Panel A) The Venn diagram displays the number of differentially expressed genes (DEGs) in each comparison. (Panels B-D)
Heatmaps show patterns of gene expression in each indicated Treg subset; transcripts are identified by their respective gene symbols. Results of
one experiment, n = 6; all markers shown display >1 log2 fold change, and Benjamini-Hochberg corrected significant difference between gene
expression levels, p < 0.05. (Panel E) Treg-related transcription factors with binding sites significantly enriched in the promoter regions of the DEGs
shown in Panels (B)-(D). Output of a CiiiDER analysis; binding frequency, enrichment, and significance are shown on the axes of the dot plots, and
by color code, respectively. (Panel F) Analysis of the in vitro suppressive activity of Treg subsets shown above. Sorted live Treg subsets were cocul-
tured with conventional CD8" T cells in live Treg suppression assays at the Treg-conventional T cell (Tconv) ratios indicated. Nrp1*t/0X40Pght Treg
display superior suppression of the clonal expansion of conventional CD8* T cells as compared to versus Nrp1~/0X40%™ Treg, Similar differences
found between Nrp1*/ITGB7* Treg versus Nrpl~/ITGb7~ Treg. Paired dot plots display results of two independent experiments, n = 4 each, paired
t-test, stars indicate significance, **p < 0.001, ***p < 0.0001). (Panel G) Exploratory analysis of the efficacy of Nrp1*/0X40P"gt versus Nrp1~/0x40%m™
Treg cells coadministered with the OT-I graft to OVA hosts as GVHD prophylaxis (pale gray, dark gray, respectively). OT-I grafts administered to
OVA mice without Treg were used as reference (black). Results of two independent experiments, n = 4 each. Weight loss and survival analyzed
by the mixed effects model and Kaplan-Meier survival analysis, respectively. Color-coded stars indicate significant difference between the given
Treg prophylaxis and OT-I graft treatment, as reference; *p < 0.05, *p < 0.01. The weight loss graph displays daily changes in body weight of the
experimental groups indicated, mean and SEM, compared to initial (percent). The Kaplan-Meier plot shows overall survival in the same groups
(percent).

subpopulations that clearly share some relevant functional char-  Treg phenotype, we finally tested whether Ly/singlet/Foxp3*/
acteristics, such as superior T-cell suppressive activity. Nrp1*/0X40&" and Ly/singlet/Foxp3t/Nrpl~/0X404™ Treg

Considering this, and the fact that Nrpl/OX40 status was cells, coadministered with the graft as GvHD prophylaxis,
clearly superior to Nrpl/ITGB7 at affecting the transcriptional =~ would have different effects on the subsequent disease

© 2024 The Authors. European Journal of Immunology published by www.eji-journal.eu
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course of murine experimental GI-aGvHD. This in vivo
GvHD suppression assay demonstrated that coadministration
of Ly/singlet/Foxp3*/Nrplt/0X408h Treg with the graft
resulted in significant suppression of GI-aGvHD as com-
pared to that of Ly/singlet/Foxp3*/Nrpl—/0X40%™ Treg.
An Ly/singlet/Foxp3*/Nrp1*/0X40P 8t Treg-based prophylaxis
resulted in limited weight loss and faster recovery among
surviving animals, in a time-dependent manner, beginning
from day 8 post-aHSCT (p = 0.0057, Fig. 8G). In contrast,
Ly/singlet/Foxp3*/Nrpl~/0X409™ Treg had only marginal ben-
efit, and this difference did not reach significance at any of
the time points investigated (Fig. 8G). On the other hand,
there was no significant difference between the overall sur-
vival of mice receiving Ly/singlet/Foxp3*/Nrp1*/0X40P 8" and
Ly/singlet/Foxp3+/Nrpl~/0X40%™ Treg cells as prophylaxis.

Discussion

Depletion and functional impairment of Treg cells by condition-
ing before aHSCT and in subsequent aGVHD are well-known
phenomena, the existence and clinical relevance of which are
supported by multiple lines of evidence. In patients undergoing
aHSCT, low circulating Treg count at 30 days after transplanta-
tion was found to correlate with increased risk to develop severe
GVvHD [14]. Further, it was shown that at the onset of aGvHD,
affected patients have lower Treg/Tconv ratio than patients with-
out aGvHD [58]. Finally, it has been suggested that in aGVHD,
Treg homing to the gut is hampered, contributing to local Treg
dysfunction and widespread inflammation caused by the condi-
tioning regimen [59-61]. Inspired by these and similar reports,
a multitude of studies analyzed the prophylactic and therapeutic
efficacy of adoptive transfer, expansion, activation, or functional
modification of Treg cells in murine models, humanized murine
models, and human aGvHD. These studies confirmed that admin-
istration of functionally intact Treg unaffected by conditioning,
expansion and stabilization of Treg after conditioning, or redirec-
tion of Treg to the gut or inflamed tissues are promising treat-
ment strategies clearly capable of suppressing the development of
aGvHD [13, 62-65].

Here we show that the balance of Treg subsets of a murine
host, expressing both Nrp1 and Helios simultaneously, or none of
them, is markedly offset by pretransplant conditioning performed
as TBI before aHSCT. Conditioning results in a decreased relative
frequency of Nrp1*/Helios™ Treg in clear favor of Nrp1~/Helios™
Treg cells, whereas single-positive Treg remain largely unaffected.
We also demonstrate that upon addition of an allogeneic graft,
that is in GI-aGvHD, Treg expressing Nrp1 and Helios respond to
graft-mediated gut damage by upregulation of OX40 and ITGB7,
whereas Treg that do not are incapable of such a response. We fur-
ther analyzed the link between induced ITGB7 and OX40 expres-
sions, and Nrpl and Helios, for several reasons. First, the elevated
expression of ITGB7 is a well-known marker of the commitment
to gut homing on T cells, which has not yet been analyzed in
the context of these two markers in aGvHD, however. Second,

© 2024 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.
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although the influence of OX40 ligand binding on Treg stability
and activity has been studied in depth, with landmark studies
showing that activation of OX40 may heavily interfere with Treg
differentiation, Foxp3 expression, and IL-10 production [66, 671,
others noted that in OX40" Treg may be superior to their OX40~
counterparts in terms of T-cell suppressive capacity [68], and sys-
tematic reviews concluded that the net effect of OX40 signaling
on Treg remains an elusive issue, as it depends on the Treg sub-
set affected, tissue localization, timing and strength of the signal
mediated by 0X40, and various external factors [69]. In particu-
lar, several conflicting observations have been made in the con-
text of radiation-mediated lymphodepletion in conditioning and
subsequent aGvHD, either supporting, questioning, or challenging
the notion that OX40 may interfere with activity and survival of
Treg in these settings [70-73]. Indeed, NGS-based transcriptome
analysis linked adhesion and migration-related mRNA transcripts
to ITGB7, whereas the composition of mRNA transcripts related
to the presence of OX40 seems to reflect the above detailed ambi-
guity of OX40 as a biomarker on Treg in the context of aHSCT and
GvHD.

Of note, conditioning- and GvHD-specific differences observed
in this study occurred in a largely tissue-independent manner,
system-wide, suggesting a limited influence of the local tis-
sue environment on them. This was in marked contrast with
the behavior of other Treg markers studied, showing tissue-
restricted differences in Treg marker expression (CD39) or inter-
actions between tissue environment and external stressors, such
as aHSCT followed by GI-aGvHD (LAP/TGFb, LAG3).

Taken together, our data suggest that conditioning by irradi-
ation affects several Treg subsets of the host characteristically,
unlike radiation-dependent gut damage in experimental colitis, or
allograft-induced gut damage in GI-aGVHD, but they also under-
line clear differences between them. The net effect of condition-
ing is a relative shrinkage of Nrp1*/Helios* Treg subsets capable
of enhancing OX40 and ITGB7 protein expression in GI-GvHD,
expressing a large array of mRNA transcripts functionally related
to Treg activation, cell migration, and adhesion, and less efficient
control of clonal Tconv expansion by Treg cells of the host.

In light of the above, and the well-documented Treg dysfunc-
tionality in aGvHD, we suggest that Treg expressing Nrpl and
Helios are highly sensitive and responsive to the development
of aGvHD. Unfortunately, the very same subset is more prone to
conditioning-mediated shrinkage than Treg that do not express
these markers, the net effect of which is that pretransplant con-
ditioning limits commitment to gut homing of Treg and ham-
pers control of CD8* T-cell expansion in posttransplant GVHD
by Treg cells. Of note, the suggestion that Nrpl-expressing Treg
may be disproportionally affected by radiation-mediated stress is
not without precedent [38], and our data are in line with the
reported ambiguity of the net effect of OX40 signaling on Treg
function after conditioning, and in aGvHD developed upon aHSCT
[69, 70, 73]. Finally, our data provide proof-of-concept that a
better understanding of conditioning-induced changes affecting
host Treg subsets may be exploited in the optimization of Treg-
based GVHD prophylaxis. Nevertheless, the applicability of these
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findings to human GvHD, the feasibility of selecting or expand-
ing Treg subsets based on these criteria for prophylaxis, and the
clinical usefulness of such prophylactic regimens require further
careful evaluation.

Further studies are warranted to analyze the behavior of these
Treg subsets in other, independent murine aGvHD models, as well,
such as other minor (miHA) and major (MHC) antigen mismatch-
based models, in both genders, in human patients, and under the
influence of cofounding factors such as genetic heterogeneity, or
age- and gender-related differences in Treg behavior. First and
foremost, however, these Treg subsets need to be studied under
the influence of other, radiation-independent conditioning regi-
mens used either in combination with or alternatively to TBI in
the treatment of patients undergoing aHSCT. It is conceivable
that myeloablative, nonmyeloablative, and reduced intensity con-
ditioning, using various regimens of chemotherapy, either alone
or in combination with radio- or T-cell suppressive immunother-
apy, may influence host Treg subsets in different ways. A better
understanding of the interactions between host Treg subsets and
distinct conditioning regimens may aid optimalization of the Treg
products currently used for GvHD prophylaxis and therapy, as it
may help reconstitution of lost Treg functions in a more patient-
specific, personalized manner, also reflecting to the applied con-
ditioning regimen.

Methodical standards

These studies were conducted in an ISO 9001:2015-certified lab-
oratory that operates under exploratory research principles. All
studies were performed using established laboratory protocols
and research assays. FACS sorting and flow cytometry were per-
formed following the ‘Guidelines for the use of flow cytometry
and cell sorting in immunological studies’ [74].
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