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Article

Graft conditioning with fluticasone propionate
reduces graft-versus-host disease upon allogeneic
hematopoietic cell transplantation in mice
Erika S Varady1,2,† , L Angel Ayala1,2,† , Pauline U Nguyen1,2, Vanessa M Scarfone1,

Alborz Karimzadeh1,2,†, Cuiwen Zhou1,2, Xiyu Chen1,2 , Scott A Greilach1,2, Craig M Walsh1,2 &

Matthew A Inlay1,2,*

Abstract

Hematopoietic cell transplantation (HCT) treats many blood condi-
tions but remains underused due to complications such as graft-
versus-host disease (GvHD). In GvHD, donor immune cells attack
the patient, requiring powerful immunosuppressive drugs like glu-
cocorticoids (GCs) to prevent death. In this study, we tested the
hypothesis that donor cell conditioning with the glucocorticoid
fluticasone propionate (FLU) prior to transplantation could increase
hematopoietic stem cell (HSC) engraftment and reduce GvHD.
Murine HSCs treated with FLU had increased HSC engraftment and
reduced severity and incidence of GvHD after transplantation into
allogeneic hosts. While most T cells died upon FLU treatment,
donor T cells repopulated in the hosts and appeared less inflamma-
tory and alloreactive. Regulatory T cells (Tregs) are immunomodu-
latory and survived FLU treatment, resulting in an increased ratio
of Tregs to conventional T cells. Our results implicate an important
role for Tregs in maintaining allogeneic tolerance in FLU-treated
grafts and suggest a therapeutic strategy of pre-treating donor
cells (and not the patients directly) with GCs to simultaneously
enhance engraftment and reduce GvHD upon allogeneic HCT.
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Introduction

Hematopoietic cell transplantation (HCT), also known as blood and

marrow transplantation (BMT), is a potentially curative treatment

for many hematologic malignancies (Bair et al, 2020). Hematopoi-

etic stem cells (HSCs) are the key component to HCT due to their

ability to self-renew, differentiate into lineage blood cells, and

engraft the bone marrow from the blood (Hendrikx et al, 1996;

Iscove & Nawa, 1997; van Os et al, 2010; Ratajczak & Suszynska,

2016). A low number of transplanted HSCs can result in disease

relapse and opportunistic infections after HCT; therefore, increasing

engraftment efficiency and the number of engrafted HSCs would aid

a successful HCT (Gluckman et al, 1997; Bahçeci et al, 2000). C-X-C

chemotactic receptor type 4 (CXCR4) is a chemokine receptor

important for HSC homing to the bone marrow and subsequent

engraftment through response to a blood chemotactic gradient of

stromal derived factor 1a (SDF-1a, CXCL12) secreted by bone mar-

row stromal cells (Peled et al, 1999; Sharma et al, 2011). Transgenic

upregulation of CXCR4 expression on human HSCs has been shown

to increase bone marrow engraftment upon transplantation in

immunocompromised mice (Brenner et al, 2004). Furthermore, Guo

et al (2017) found that treating human cord blood HSCs with the

glucocorticoid (GC) fluticasone propionate (FLU), also known as

Flonase, could increase surface CXCR4 expression, leading to

increases in transwell migration of human cord blood HSCs toward

an SDF-1a gradient, as well as increasing bone marrow engraftment

in immunodeficient mice.

Apart from disease relapse, a major complication causing high

morbidity and mortality following allogeneic HCT (allo-HCT) is

acute and/or chronic Graft-versus-Host Disease (GvHD). GvHD

occurs when donor immune cells, or graft cells, recognize the host

as a foreign threat, and initiate an immune response against the

host, causing severe tissue damage, organ failure, and possibly

death. Up to 40–60% of allo-HCT patients develop acute GvHD due

to a human leukocyte antigen (HLA) mismatch between donor and

recipient (Jagasia et al, 2012). In a mismatched setting, as many as

10% of donor T cells may respond allogeneically to host cells, and

systemically infiltrate and damage healthy recipient tissues (Ashwell

et al, 1986; Benichou et al, 1999; Suchin et al, 2001). Strategies to
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prevent GvHD focus on T cell suppression or depletion (El-Jawahri

et al, 2016; Khoury et al, 2017). Calcineurin inhibitors (tacrolimus

or cyclosporine) combined with methotrexate can suppress T cell

activation and proliferation (Storb et al, 1986; Ruutu et al, 2014;

Cronstein & Aune, 2020). Antibody-mediated T cell depletion ex vivo

or in vivo can prevent GvHD, yet also can result in disease relapse

due to graft failure and a reduction of the Graft versus Leukemia

(GvL) effect (Ho & Soiffer, 2001). GvL is an important benefit to

allo-HCT, where donor T cells eliminate patient tumor cells. Patients

that develop GvHD symptoms can be treated with glucocorticoids

(GCs) such as methylprednisone, which are powerful immunosup-

pressants but have harmful side effects when administered globally

and in prolonged treatment courses (Fuji et al, 2021). Lastly, treat-

ment with high dose cyclophosphamide (PTCy) after haplo-identical

transplantation targets activated allogeneic T cells, and can prevent

GvHD while maintaining GvL (Luznik et al, 2001, 2008), but has

shown mixed results and the risk of GvHD remains (Modi

et al, 2020; Irene et al, 2021).

Regulatory T cells (Tregs) are known to reduce GvHD severity by

suppressing alloreactive T cell function and creating immune toler-

ance after allo-HCT (Hoffmann et al, 2002; Di Ianni et al, 2011). In

GvHD, there are reduced levels of Tregs and higher levels of CD4+

conventional T cells (Tconv), which can be alloreactive (Edinger

et al, 2003; Zorn et al, 2005). Transplanting in vitro expanded Tregs

at the same time as allo-HCT prevents acute GvHD (aGvHD) (Riegel

et al, 2020). Treg therapy is an important area of research for creat-

ing immune tolerance in allogeneic donor cells to alleviate GvHD,

and clinical trials infusing either primary or in vitro expanded Tregs

have shown some success at reducing GvHD (Brunstein et al, 2011;

Di Ianni et al, 2011; Martelli et al, 2014; MacMillan et al, 2021).

However, there is a delicate balance of preventing GvHD while

keeping the beneficial GvL response (Riegel et al, 2020). Many

groups aim to decrease immune dysregulation in GvHD either by

depleting alloreactive T cells or increasing the number of Tregs in

the graft.

In this study, we tested the hypothesis that conditioning donor

cells by pre-treatment with the glucocorticoid FLU prior to allo-HCT

could both enhance HSC engraftment and also suppress allogeneic T

cell activation to prevent or reduce GvHD.

Results

FLU increases HSC migration and engraftment by
upregulating CXCR4

In the study by Guo et al (2017), the authors found improvements in

human cord blood HSC CXCR4 expression, migration and engraft-

ment following pre-treatment with FLU, but did not observe a similar

effect on murine HSCs. We re-examined the impact of GCs on murine

HSCs (Figs 1 and EV1). We first cultured c-kit enriched murine BM

with different concentrations of FLU or Dexamethasone (Dex) for

16 h, then examined CXCR4 expression and viability on phenotypic

HSCs (Ter119� CD27+ ckit+ Sca1+ CD150+ CD34�; Fig EV1A and B).

We found that 3 nM FLU was the best concentration and glucocorti-

coid that led to a significant upregulation of CXCR4 expression on

HSCs and the overall KLS (ckit+ Lin� Sca1+) population with no detri-

mental effect on HSC viability (Figs 1A and EV1C and 1D). We also

examined different formulations of HSC cell culture media and found

in all cases that FLU increased CXCR4 expression on HSCs

(Fig EV1E). We blocked CXCR4 upregulation with the glucocorticoid

receptor (GR) antagonist RU486, demonstrating that FLU acted

through the GR (Fig 1B). FLU induced CXCR4 expression on HSCs,

but did not increase the expression level of CXCR4 on HSCs that

were already CXCR4+ (Fig EV1F and G).

We next tested whether FLU could increase migration of HSCs

toward SDF-1a (CXCL12), the ligand for CXCR4. A transwell migra-

tion assay using FLU pre-treated c-kit-enriched BM showed a signifi-

cant increase in the percentage of HSC migration toward SDF-1a
relative to vehicle-treated HSCs (Figs 1C and EV1H). In addition,

when the CXCR4 antagonist AMD3100 was added to the FLU cul-

ture, migration was blocked, demonstrating that FLU improved HSC

migration through the CXCR4 pathway.

To determine whether FLU treatment led to improvements in

HSC engraftment in vivo, we performed syngeneic competitive

transplantations with HSCs pre-treated with FLU or the vehicle

DMSO (Figs 1D and EV1I–K). In these experiments, sorted KLS

(ckit+Lin�Sca1+) cells from CFP+ mice were treated with either FLU

or vehicle, then transplanted into separate lethally-irradiated Wt B6

recipients. In addition, vehicle-treated KLS cells from tdTomato+

mice were co-transplanted as a competitor in a 1:1 ratio with the

CFP+ cells. At 12 weeks post-transplantation, HSC chimerism was

compared between FLU and vehicle donors (CFP) after normalizing

to their competitor internal controls (tdTomato+ HSCs, Figs 1Di and

EV1I). Although there was no significant difference in total blood

CD45 chimerism, there was a mild but significant increase in bone

marrow HSC engraftment from FLU pre-treated HSCs 3 months after

transplantation (Figs 1Dii and EV1J and K). Overall, we have shown

that FLU increases CXCR4 expression on murine HSCs and improves

murine HSC migration and bone marrow engraftment after

transplantation.

Pre-treating donor cells with FLU decreases aGvHD in mice

Given the immunosuppressive ability of glucocorticoids, we rea-

soned that a pre-treatment of donor cells with FLU prior to trans-

plantation would not only enhance HSC engraftment, but potentially

suppress an allogeneic immune cell response and thereby reduce or

prevent GvHD. To address this, we used an aGvHD mouse model

whereby B6 BM and spleen cells (H-2b MHC background) are trans-

planted into Balb/c recipients (H-2d background). In this setting,

recipients develop severe aGvHD in 7–10 days (Figs 2 and EV2; van

Leeuwen et al, 2002). We pre-treated fresh CFP+ (B6 background)

whole bone marrow cells (2–3 × 106 cells) and splenocytes (6 × 106

cells) with 3 nM FLU for 16 h and then transplanted them into

lethally-irradiated (850 cGy) Balb/c mice (Fig 2Ai). A syngeneic

control group used B6 recipients (Fig 2Aii). Recipient mice were

scored for GvHD severity based on Naserian et al (2018) assigning 1

point for each GvHD symptom including hunched back, skin

lesions, dull fur, diarrhea, and 10% loss of initial weight.

After unblinding the study, we observed a phenotypic difference

between recipients that received FLU- or Vehicle-treated donor cells

(Figs 2B and EV2A and B). “Vehicle” mice displayed discharge

around their eyes with dull fur around the nose around 1-week

post-transplant (p.t.) and all but one were euthanized within 9 days

p.t. due to a weight loss of ≥ 30%, with the last euthanized at day
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27 (Fig 2B and C). On the other hand, only half of the “FLU” recipi-

ents died due to GvHD and the other half survived with only mini-

mal GvHD symptoms (clinical score < 2, Figs 2C and EV2C). FLU

recipients also had a significantly lower overall clinical score com-

pared to the vehicle group (Fig 2D), with no gender difference

observed (Fig EV2D). As expected, the “Syngeneic” recipients all

recovered quickly with mild symptoms (Fig 2C and D).

Tissues (small intestines (SI) and colon) were selected from

each group, fixed, sectioned, H&E stained, then scored by a

blinded pathologist (Figs 2E and F, and EV2E). Both SI and colon

sections from the vehicle group displayed visible signs of severe

GvHD pathology, including inflammation of the lamina propria

(LP), crypt epithelial atrophy, and apoptotic crypt epithelial cells.

Sections from the FLU group displayed less severe histopathology,

with scattered LP inflammation and crypt atrophy interspersed

with regions of no pathological alteration (NPA). While there

appeared to be gross differences between vehicle and FLU tissues,

there were no statistically significant differences between the

Figure 1. Effects of FLU on murine HSC surface expression and function.

A (i) Representative gating strategy for KLS population (CD27+ Ter119� ckit+ Sca1+) and HSCs (CD27+ Ter119� ckit+ Sca1+ SlamF1+ CD34�) in mouse BM. (ii)
Representative histograms of surface CXCR4 expression on HSCs after 16 h of culture in Vehicle (DMSO, red histogram) or 3 nM FLU (blue histogram). The dashed line
indicates cutoff for positive CXCR4 expression based on the fluorescence minus one (FMO, gray histogram) control. (iii) Flow cytometry quantification of median
fluorescent intensity (MFI) of surface CXCR4 expression on HSCs (n = 10, representative of seven independent experiments). FLU concentration is 3 nM unless
otherwise indicated.

B MFI of surface CXCR4 on HSCs after Vehicle, FLU or FLU + RU486 (GR antagonist) treatment (n = 5, three independent experiments shown; each symbol represents a
mouse throughout each condition, open symbols are females and closed symbols are males).

C Transwell migration of HSCs toward SDF-1a (50 ng/ml) after 16 h pre-treatment in Vehicle or FLU then a 30-min incubation with or without CXCR4 antagonist
(AMD3100; n = 4, four independent experiments shown; each symbol represents a mouse throughout each condition, the open symbol is a female and closed symbols
are males).

D (i) Scheme of competitive syngeneic transplant of FACS sorted BM KLS cells from fluorescently labeled CFP+ or tdTomato+ mice co-transplanted in equal amounts into
lethally-irradiated (850 cGy) C57BL/6 recipients. CFP+ cells were pre-treated in vehicle or FLU, while tdTomato+ cells were only pre-treated in vehicle prior to trans-
plantation. (ii) Flow cytometry analysis of donor HSC chimerism in the BM 12 weeks post-transplant in both recipient groups. Shown is the percentage of CFP+ HSCs
in the “FLU Group” relative to the percentage of CFP+ HSCs in the “Vehicle Group” (Vehicle; n = 12, representative of nine independent experiments). Open symbols
are females, closed are males.

Data information: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 (Student’s unpaired t-test (1A, 1B, 1C), One sample t-test (1D)). M � SD shown. BM, bone marrow, HSC, Hemato-
poietic stem cell, KLS, kit+ lineage� Sca1+ cell population, GR, glucocorticoid receptor, Veh., Vehicle, FMO, fluorescence minus one.
Source data are available online for this figure.
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Figure 2. GvHD analysis after allogeneic transplantation of FLU pre-treated splenocytes and bone marrow cells in mice.

A (i) Scheme of allogeneic transplant of 6 × 106 whole splenocytes plus 3 × 106 whole bone marrow cells from CFP+ (H-2b) mice after FLU or vehicle culture into
lethally-irradiated (lightning symbol) Balb/c recipients. (ii) Scheme of Syngeneic transplant, which is identical to the allogeneic transplant but with C57BL/6 (H-2b)
recipients.

B Representative images of allogeneic Balb/c (H-2d) recipients at 8 days (top) and 27 days (bottom) post-transplantation of FLU (left) or vehicle (right) treated cells.
C GvHD survival curve of “FLU” or “Vehicle” allogeneic recipients or “Syngeneic” recipients through 120 days post-transplantation. Mice were euthanized at ≥ 30% loss

of initial weight or after receiving a clinical score of 5. n = 10 for “Vehicle” group, n = 8 for “FLU” group, n = 4 for “Syngeneic” until day 27 then n = 2 thereafter not
due to GvHD, but data collection for Fig 3; with half females and half males for all groups; representative of three independent experiments.

D Quantification of clinical scoring system of GvHD in recipients. One point was assigned for each symptom of GvHD: hunched back, dull fur, skin lesion, diarrhea, and
10% loss of initial weight. An automatic full score of 5 was assigned to recipients that experienced ≥ 30% loss of initial weight (n = 10 for Vehicle group and n = 16
for FLU group with half females and half males for both groups; representative of three independent experiments).

E Representative H&E stained sections of the small intestines (SI) and colon. Signs of pathology included inflammation of the lamina propria, crypt atrophy, and
apoptotic crypt epithelial cells.

F Clinical scores of the SI and colon for Syngeneic, Vehicle, and FLU groups. Sections were scored as NPA (no pathological alteration), minor, moderate, or severe GvHD
pathology by a blinded histologist, and scored from 0 to 3, respectively, for each tissue, for each clinical sign as mentioned above.

Data information: Scale bars (yellow) equal 100 microns. *P ≤ 0.05; ***P ≤ 0.001 (Student’s unpaired t-test). M � SD shown. GvHD, graft-vs-host disease, r.o.i, retro-
orbital injection, CFP, cyan fluorescent protein, SI, small intestines, H&E, hematoxylin and eosin, n.s., not significant.
Source data are available online for this figure.
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clinical scores in either the SI or colon between five sets of tissues

(Fig 2F).

FLU-pretreated donor T cells engraft and expand, but do not
activate in allogeneic recipients

Glucocorticoids are known to cause apoptosis in lymphocytes, and we

found that after 16 h in culture, there was a significant reduction of

T and B lymphocyte viability in the FLU-treated group compared to

the vehicle control, with little effect on macrophages or granulocytes

(Figs 3A and EV3A). This suggested that the reduction in GvHD

symptoms in the “FLU” mice could be due to the absence of

viable T cells in the graft. However, after approximately 1-week

post-transplantation, we saw a robust engraftment of donor T cells

(CD3+) in the “FLU” recipients’ blood, spleen, and liver, similar to the

“Vehicle” recipients in the spleen and liver, albeit slightly lower in the

blood (Fig 3B and C). This expansion of donor T cells was not

observed in the “Syngeneic” recipients, indicating T cell expansion

only in the allogeneic setting. Thus, the absence of GvHD in the “FLU”

recipients is likely not due to a lack of donor T cell engraftment.

Figure 3.
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Glucocorticoids are immunosuppressive and decrease many

immune cell functions such as cytokine production, signal transduc-

tion, and TCR signaling. To assess a reduction in T cell activation in

the “FLU” group, we analyzed leukocyte early activation markers

CD69 and CD44 (Fig 3D). Both markers are elevated on infiltrating

T cells in allogeneic transplantation in mice (Beilhack et al, 2005;

Schumann et al, 2015). In the FLU group, we observed a significant

decrease in the percentage of CD69+ CD4 T cells, and reduced CD44

expression compared to the Vehicle group, in the blood, liver, and

spleen, indicating a reduction in T cell activation in FLU-treated

CD4 T cells (Fig 3D).

CD8 T cells appeared less activated, with little difference in CD69

positivity or CD44 expression between vehicle and FLU groups,

although CD8 T cells are known to lose CD69 expression 6 days

after allo-HCT (Fig EV3B–D; Beilhack et al, 2005). Donor B cell,

macrophages, and granulocytes were also examined with no signifi-

cant differences observed between the groups (Fig EV3E–H). We

also examined expression of activation markers CD25 and PD-1, and

while both markers were upregulated compared to fresh spleen con-

trols, there was no significant difference between donor-derived

T cells between the two groups (Fig EV3I).

Next, we sought to determine the ratios of T cell effector subsets

in mice that received either vehicle or FLU-treated splenocytes

(Figs 3E and EV3J). After 1 week post-transplant, we analyzed the

spleen for Th1, Th2, and Th17 cells based on cytokine secretion

(IFNc, IL-4, and IL-17, respectively). We saw a significant reduction

in Th1 effector cells (IFNc+) in mice that receive FLU-treated cells

compared to the vehicle control (Fig 3Ei–ii). There was no differ-

ence in Th2 (IL-4+) and Th17 (IL-17+) subsets between the two

groups (Figs 3Eiii and EV3J). This suggests that a reduction in Th1

response may contribute to reducing GvHD severity in our model.

Conversely, CD8 T cells had a similar percentage of IFNc expressing

T cells between vehicle and FLU groups (Fig 3Eii).

Lastly, we examined overall donor chimerism (including stem/

progenitors in the BM) and saw little difference in chimerism, indi-

cating BM engraftment was robust in both groups (Fig EV3K).

Together, these data provide some insight on a possible explanation

for FLU-mediated reduction in aGvHD in mice involving a decrease

in activation of CD4 T cells and reduced inflammatory Th1 response.

T cells treated with FLU activate and expand after anti-CD3/CD28
co-stimulation, but not when cultured with allogeneic
splenocytes

To better understand how FLU inhibits T cell activation, we exam-

ined in vitro stimulation of the TCR through two classic assays: (i)

using antibodies against CD3 and CD28, and (ii) using a mixed lym-

phocyte reaction (Figs 4 and EV4). In the first assay, B6 spleen cells

were pre-treated for 16 h with Vehicle or FLU, then stimulated with

anti-CD3/CD28 antibodies (Fig 4A). Stimulated cells increased in

size (via forward scatter, FSC-A) indicating activation (Fig 4Ai), and

diluted CFSE, indicating proliferation (Fig EV4A), in both vehicle

and FLU cultures. Unstimulated FLU-treated T cells all died, as

expected. Stimulated CD4 and CD8 cells in both conditions also

displayed significant increases of the activation markers CD25 and

PD-1 compared to the unstimulated Vehicle group (Figs 4Aii–iii and

EV4A). These results suggest that activation of T cells via stimulation

of the TCR (via CD3) and co-stimulatory molecule (CD28) allows T

cells to survive and overcome FLU-induced apoptosis.

We next performed a mixed lymphocyte reaction (MLR) to see if

FLU pre-treated T cells can be activated in an allogeneic manner in

vitro. CFP+ splenocytes (H-2b) were cultured in FLU or vehicle for

16 h then mixed with syngeneic (B6) or allogenic (Balb/c, H-2d)

irradiated splenocytes (Figs 4B and EV4B and C). As expected, vehi-

cle treated T cells expanded when mixed with allogeneic stimulator

cells, upregulated activation markers CD25 and PD1, and diluted

CFSE relative to the syngeneic condition, indicating allogeneic T cell

activation (Figs 4Bi–ii and EV4B and C). In contrast, FLU pre-treated

splenocytes did not survive, proliferate nor activate when cultured

with allogeneic stimulator cells (Fig 4Bi). Because FLU-treated T

cells can activate in response to CD3/CD28 signaling, but not when

mixed with allogeneic stimulator cells, this indicates that allogeneic

◀ Figure 3. Characterization of donor T cells in allogeneic transplanted recipients receiving either FLU or vehicle-treatedwhole splenocytes and bonemarrow

cells.

Data from allogeneic transplant of whole splenocytes plus whole bone marrow cells from CFP+ (H-2b) mice after FLU or vehicle (DMSO) culture into lethally-irradiated

Balb/c (H-2d) recipients. Syngeneic (Syn) transplant controls are C57BL/6 recipients that received Vehicle treated CFP+ cells.
A Percent live (Annexin V�, PI�) CD4+ T cells (CD11b�, Gr1�, CD19�, CD45+, CFP+, CD8�, CD4+) and CD8 T cells (CD11b�, Gr1�, CD19�, CD45+, CFP+, CD4�, CD8+) from

spleen after 16 h culture with FLU or vehicle and prior to transplantation (n = 6, representative of three independent experiments). Circles represent males and
squares represent females.

B Representative FACS plots of donor (CFP+) CD3 and B220 populations in blood, liver and spleen of recipient Balb/c mice 7–10 days after transplantation with Vehicle
(left column), or FLU (middle column) treated cells, or Syngeneic hosts (right column). Gated on live, CD45+, CFP+, CD11b�, Gr1� single cells.

C Quantification of the percentage of donor CD3+ T cells in total CD45+ hematopoietic cells in blood, liver and spleen of recipient mice. Gated on live, CD45+, CFP+,
CD11b�, Gr1�, B220� single cells. (n = 7 biological replicates for Vehicle and Flonase, n = 3 biological replicates for Syngeneic). Circles represent males and squares
represent females.

D (i) Representative plots showing activation markers CD44 and CD69 expression on donor CD4 (top row) and CD8 (bottom row) T cells from Vehicle, FLU and
Syngeneic recipient groups. Gated on live, CD45+, CFP+, CD11b�, Gr1�, B220�, CD3+, single cells. Quantification of percent CD69+ cells (ii) and MFI of CD44 (iii) in
donor CD4 T cell population. Gated on live, CD45+, CFP+, CD11b�, Gr1�, B220�, CD3+, CD8�, CD4+ single cells. (n = 7 for FLU and Vehicle groups days 6–9 p.t.,
representative of three independent experiments; n = 3 for Syngeneic (Syn) group day 9 (1 mouse) and day 27 (2 mice) p.t., representative of two independent
experiments). Circles represent males and squares represent females.

E (i) Representative FACS plots showing intracellular IFNc expression (y-axis) on total CD4+ (top row) and CD8+ (bottom row) T cells 1 week post-transplant from the
spleens of mice that received vehicle (left) or FLU-treated (right) cells, 4 h after PMA/ionomycin stimulation. Gated on live, CD45+, CD3+, single cells. Gates are based
on IFNc staining of unstimulated cells (Fig EV3Ji). (ii) Quantification of IFNc+ T cells (CD4 left, CD8 right) from four independent experiments. (iii) Quantification of
IL-4+ (left) and IL-17+ (right) CD4 T cells 4 h after PMA/ionomycin stimulation. Gating was based on unstimulated cells (Fig EV3Ji). Representative stain shown in
Fig EV3Jii. n = 10 for vehicle, and n = 11 for Flonase, shapes represent different experiments, open symbols are female, closed symbols are male.

Data information: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001 (Student’s unpaired t-test). M � SD shown. p.t., post-transplant, Veh, Vehicle, syn, syngeneic, ns not significant.
Source data are available online for this figure.
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stimulation is not sufficient to overcome the suppression caused by

FLU treatment.

Donor T cells pre-treated with FLU were not alloreactive when
transplanted into secondary allogeneic recipients

While the Balb/c recipients are not given FLU themselves, the

immunosuppressive effects of FLU on donor T cells lasts long after

FLU has been removed. It is possible that FLU causes selection

against allogeneic T cells, permanently deleting these cells from the

recipients. To determine whether FLU pre-treated T cells retain long-

term tolerance toward an allogeneic host, we transplanted Balb/c

mice with vehicle or FLU-treated B6 donor cells, then performed sec-

ondary transplants into a second cohort of Balb/c mice. Given that

neither the primary nor secondary recipients were given FLU

directly, we reasoned that any short-term suppression of the donor

T cells during the FLU pre-treatment should have worn off by the

secondary transplantation. As in previous experiments, irradiated

primary Balb/c recipients were transplanted with vehicle or FLU-

treated CFP+ B6 cells (splenocytes and bone marrow). However,

Figure 4. Effects of FLU on T cells activated in vitro.

A Analysis of T cell activation with anti-CD3/CD28 antibodies after pre-treatment in FLU or vehicle. 6 × 105 CFP+ splenocytes were pre-treated for 16 h in vehicle or
FLU, then stimulated with anti-CD3 (plate-bound) and anti-CD28 (in solution) antibodies, or media only (unstimulated) for 4 days (n = 3; M � SD; two male and one
female, representative of two independent experiments). (i) Representative plots of viability (PI) vs size (FSC-A) gated on CD3+ single cells. (ii–iii) Histograms and quan-
tification of activation markers CD25 (ii) and PD-1 (iii) expression on CD4 and CD8 T cells. Gated on live, single CD3+ cells, and either CD4+ or CD8+. The vertical dashed
line represents the cutoff for positive expression, based on the FMO control which contained a pool of cells from all conditions. Bar graphs show the percentage of
CD25+ or PD-1+ CD4 or CD8 T cells.

B Mixed lymphocyte reaction (MLR) analysis after 4 days in culture using a 1:1 ratio of 3 × 105 irradiated (2,500 cGy) stimulator cells, to 3 × 105 unirradiated responder
cells (n = 3; M � SD; two male and one female). Responder cells are CFP+ (H-2b) and were first cultured for 16 h in FLU or vehicle, then stained with CFSE before the
MLR assay. Stimulator cells are either Balb/c (H-2d, Allogeneic) or C57BL/6 (H-2b, Syngeneic). (i) Representative viability (PI) vs size (FSC-A) FACS plots of responder T
cells (CFP+, CD3+). (ii) Representative plots of cell proliferation (CFSE staining) vs activation marker expression (CD25 and PD-1) on CD4 and CD8 T cells after stated
culture conditions. Only vehicle treated cells are shown, due to poor viability of FLU-treated cells.

Data information: ***P ≤ 0.001 (Student’s unpaired t-test). Syn., Syngeneic, Allo., Allogeneic, Veh., Vehicle, FMO, fluorescence minus one.
Source data are available online for this figure.
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7 days post-transplantation, spleens from the primary recipients

were harvested and transplanted along with 2 × 106 tdTomato+

helper BM (H-2b) into irradiated secondary Balb/c recipients

(Fig 5A). For the syngeneic controls, both primary and secondary

recipients were B6. After unblinding, only one FLU secondary trans-

planted recipient did not survive to 60 days post-transplant (who

died due to a non-GvHD symptom) compared to the vehicle group

which had less than half survive in that time span (Fig 5B). There

Figure 5. Analysis of GvHD after secondary allogeneic transplantation.

A Scheme of secondary allogeneic transplantations. CFP+ (H-2b) 3 × 106 whole BM plus 6 × 106 splenocytes pre-treated with FLU or Vehicle for 16 h were transplanted
into lethally-irradiated Balb/c (H-2d) primary recipients. After 7 days, 1 × 106 splenocytes were harvested from the primary recipients and transplanted along with
2 × 106 tdTomato+ (H-2b) helper BM into lethally-irradiated Balb/c (H-2d) secondary recipients. For syngeneic transplants, both primary and secondary recipients were
C57BL/6 (H-2b), and only vehicle-treated cells were used for the primary transplant.

B Survival study over a 60-day period post-transplantation of secondary recipients receiving allogeneic FLU (solid line) or Vehicle (dashed line) pre-treated primary
recipient splenocytes (“FLU” n = 7, “Vehicle” n = 7, three male and four female; “Syngeneic”, two male and two female; representative of two independent
experiments).

C GvHD clinical grades of mice used in (B) over a period of 20 days (Error bars are SEM). *, ***P ≤ 0.001 (Student’s unpaired t-test).
D Percent of donor CD45+ chimerism including both primary recipient splenocytes (CFP+) and bone marrow derived (tdTomato+) cells in secondary recipients. Shown is

the percentage of donor CD45+ cells out of total CD45+ cells.
E Percent total CD3+ donor T cells as a percentage of total live, CD45+ single cells. Donor T cells includes both splenocyte-derived (CFP+) and bone marrow derived

(tdTomato+).
F Chimerism of donor primary splenocyte-derived (s.c., CFP+) or donor bone marrow-derived (b.m., tdTomato+) CD3+ T cells. Circles represent males and squares repre-

sent females. Crossed symbols represent mice later euthanized due to GvHD.

Data information: In D–F, FLU n = 7, three male and four female; Vehicle n = 6, three male and three female; Syngeneic vehicle (Syn or Syngeneic) n = 4, two male and
two female; M � SD). ***P ≤ 0.001 (Student’s unpaired t-test). r.o.i, retro-orbital injection, p.t., post-transplantation.
Source data are available online for this figure.
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was also a significant reduction in the clinical grade for “FLU” sec-

ondary recipients compared to “Vehicle” (Fig 5C). In the blood,

nearly all recipients’ T cells were TdTomato+ and therefore came

from the transplanted bone marrow, indicating that any of the T

cells from the original spleen culture did not expand in the second-

ary hosts (Fig 5D–F). This suggests that FLU treatment leads to

long-lasting tolerance (or permanent depletion) of allogeneic T cells.

Regulatory T cells are resistant to FLU-induced apoptosis and
had a higher engraftment in allogeneic recipient spleens after
FLU treatment

As Tregs are known to reduce GvHD symptoms in mice (Riegel

et al, 2020), we next assessed whether FLU had any impact on Treg

numbers before or after allo-HCT (Fig 6). Compared to conventional

CD4 T cells (CD4 Tconv), Tregs are more resistant to

dexamethasone-induced apoptosis in vitro (Prenek et al, 2020). We

measured cell viability after FLU or vehicle culture of splenocytes

from B6-Foxp3EGFP mice (“FoxP3-GFP”), in which Tregs are fluores-

cently labeled due to insertion of an eGFP reporter into the locus of

the Treg-specific transcription factor FoxP3 (forkhead box protein

P3, Foxp3), on a B6 (H-2b) background (Haribhai et al, 2007; Lin

et al, 2007). While B cells, CD8 T cells, and conventional (GFP�)
CD4 Tconv all had dramatically reduced viability after 16 h of treat-

ment in FLU compared to Vehicle, Tregs (CD4+ GFP+) displayed

only a 10% drop in viability (Figs 6A and EV5A–C), which resulted

in an increase in the ratio of Tregs to Tconv after FLU treatment,

which could impact tolerance upon allo-HCT (Figs 6B and EV5D).

Figure 6. Analysis of FLU effects on regulatory and conventional CD4 T cells in vitro and after allogeneic transplantation.

A Flow cytometry analysis of FoxP3-GFP (B6-Foxp3EGFP) spleen cells after 16 h culture in FLU or vehicle. Shown is the percentage of live (% Viability, Propidium Iodide
(PI)�, Annexin V�) Tregs (CD3+, CD4+, FoxP3+, single cells), CD4 conventional T cells (Tconv; CD3+, CD4+, Foxp3�, single cells), and CD8 T cells (CD3+, CD4+, Foxp3�, sin-
gle cells; n = 3 biological replicates).

B Representative FACS plots (left) and quantification (right) showing the percentage of donor Tregs (CD4+, Foxp3+) as a percentage of total CD4 T cells (CD3+ CD4+) after
16 h FLU (3 nM) or vehicle (DMSO) treatment (n = 3 biological replicates).

C (i) Scheme of allogeneic transplant of 6 × 106 whole splenocytes plus 3 × 106 whole BM cells from FoxP3-GFP (H-2b) mice after culture with FLU or vehicle, then
transplanted into lethally-irradiated (850 cGy, lightning symbol) Balb/c (H-2d) recipients. Tissues (blood, spleen and liver) were analyzed 9 days after transplant. (ii)
Representative gating scheme of donor Tregs (CD4+, FoxP3+ (GFP+)), as a percentage of total donor CD4 T cells (H-2Db+(H-2b+), CD45+, CD3+, CD4+, live, single cells) in
recipient mouse spleens 9 days after transplant from FLU or vehicle pre-treated cells. (iii) Quantitative data from flow cytometry of the percent engrafted donor Tregs
in recipient blood, liver and spleen as a percentage of donor CD4 T cells (n = 5 biological replicates).

Data information: M � SD shown. Circles represent males and squares represent females. Veh., Vehicle, PI, Propidium iodide. *P ≤ 0.05; ***P ≤ 0.001 (Student’s unpaired
t-test).
Source data are available online for this figure.
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We next examined donor Treg and Tconv engraftment and

expansion in the blood, liver, and spleens from recipient Balb/c

mice 9 days after allogeneic transplantation of FLU- or vehicle-

treated FoxP3-GFP donor cells (Fig 6Ci). There was a significantly

higher percentage of engrafted donor Tregs in the spleens of recipi-

ents receiving FLU-treated donor cells (11.6% � 2.0) compared to

Vehicle (2.9% � 0.80, Figs 6Cii–iii and EV5E). However, the differ-

ences in the blood and liver were not significant (Fig 6Ciii). In the

spleen, the ratio of Treg:Tconv increased from approximately 1:33

(Vehicle) to 1:7.6 (FLU), about a 4.3-fold increase and similar to

what was observed in vitro. These results were not due to a differ-

ence in donor engraftment, among different tissues or among vehi-

cle and FLU-treated groups, indicated by a high CD45 donor

chimerism (Fig EV5F). These results implicate a possible mecha-

nism by which FLU reduces GvHD, by increasing the ratio of immu-

nosuppressive Tregs to alloreactive Tconv in the graft.

Discussion

FLU pre-treatment of donor cells has implications in HCT therapy in

two important aspects: (i) improving HSC engraftment efficiency,

and (ii) reducing the incidence and/or severity of GvHD. In humans,

the number of donor HSCs is critical to HCT success, thus increasing

engraftment efficiency would be beneficial (Sugrue et al, 2000;

Gordan et al, 2003; Pavone et al, 2006). Similar to what Guo et al

showed using human CB HSCs, our results in mice showed similar

improvements in CXCR4 expression, HSC migration, and HSC

engraftment. Although mild, these results show that at the very

least, culturing donor cells in FLU does not negatively affect HSC

engraftment.

Regarding the second aspect, GvHD is a common life-threatening

complication after allo-HCT. Our results in a mouse model of GvHD

show a dramatic reduction in GvHD severity and death if the donor

cells are first pre-treated with FLU prior to transplantation. While

100% of the recipient mice receiving vehicle-treated allogeneic cells

died within 10 days, half of the mice receiving FLU-treated

cells recovered and were essentially cured. We also observed a

lower GvHD clinical grade in the FLU group, for both external signs

of GvHD as well as in the gut. As many powerful glucocorticoids

used to treat GvHD symptoms can have toxic side effects for

patients, it is important to note that the mice examined in this study

were never treated with FLU directly.

Regarding the mechanism for why FLU reduces GvHD, we

observed robust T cell expansion in the “FLU” recipients, but a

reduction in T cell activation, suggesting either an induction of toler-

ance, or a depletion of alloreactive T cells. The results in the mixed

lymphocyte reaction support this notion, as exposure to allogenic

cells was unable to stimulate and rescue FLU-treated T cells from

apoptosis. Lastly, our findings of increased ratio of Tregs:Tconv

could explain how FLU induces tolerance. Tregs appear unaffected

by FLU, and their higher ratio in the recipient mice could prevent

alloreactive Tconv from activation and response. The absence of

alloactivation in FLU-treated T cells even after secondary allo-HCT

indicates this suppression is permanent. We theorize that the bal-

ance of Treg:Tconv is critical to tolerance versus alloreactivity, and

FLU treatment can shift this balance in favor of tolerance by increas-

ing the relative number of Tregs to Tconv.

An important aspect to these findings is that FLU could poten-

tially select against alloreactive T cells while maintaining some T

cell functionality, which would be beneficial for preserving a GvL

effect while simultaneously reducing GvHD. A previous study

injected anti-CD4 antibodies to deplete donor CD4+ T cells after allo-

HCT and found a reduction in GvHD while preserving GvL (Ni

et al, 2017). This suggests that CD4+ T cells are necessary for GvHD

but may be dispensable for GvL. We observed a significant decrease

in the percentage of Th1 (IFNc+) CD4 T cells in the FLU group,

indicative of a reduced inflammatory Th1 response (Fig 3G). Con-

versely, there was no reduction in the percentage of IFNc+ CD8 T

cells. This suggests that the FLU-treated grafts may retain the ability

to mount a CD8-driven response which could be important for GvL.

That FLU-treated T cells can be activated in vitro with anti-CD3/

CD28 antibodies supports the notion that these T cells may be acti-

vated under the appropriate conditions (Fig 4A). Future experiments

will determine if FLU-treated grafts can still mount a robust GvL

response.

Glucocorticoids have been used in many clinical treatments for

decades. Fluticasone propionate (FLU) is commonly used in over-

the-counter allergy nasal sprays. Corticosteroid therapy is also the

first-line therapy to treat aGvHD after allo-HCT; however, this is a

long-term treatment with many harmful side effects. Several clinical

trials were conducted in the 1990s to investigate whether adding

GCs (prednisone or methylprednisone) to the standard regimen of

cyclosporine with or without methotrexate could prophylactically

prevent development of GvHD in HLA-identical allo-HCT (Storb

et al, 1990; Atkinson et al, 1991; Deeg et al, 1997; Chao et al, 2000;

Ruutu et al, 2000). While some studies observed reductions in mild

to moderate acute GvHD with the addition of GCs, others did not,

and there appeared to be no improvements in incidence of severe

acute GvHD or overall survival, and some studies reported

increased incidence of chronic GvHD and/or infection. The general

conclusion was that GCs administered to patients after allo-HCT but

prior to the onset of GvHD symptoms provided no overall benefit to

patients (Quellmann et al, 2008). Speculation for why GCs did not

provide a benefit included decreased immune function and adverse

interactions with methotrexate in patients receiving GCs. While dis-

couraging for the use of GCs as a prophylactic to prevent GvHD, the

key difference with our approach is that we are treating the donor

cells with GCs prior to transplantation. Any side effects of giving

GCs directly to patients are thus avoided. Whether this approach

will be effective in human subjects remains to be seen, but our

results clearly demonstrate a benefit of GC conditioning of donor

cells to prevent and reduce acute GvHD in mouse models.

Materials and Methods

Detailed information about antibodies, mouse strains, fluorescence-

activated cell sorting, HSC culture and chemotaxis assays, and T cell

activation assays, are provided in the Appendix.

Mice

All strains were maintained at the Gross Hall and Med Sci A vivar-

ium facilities at UCI and fed with standard chow and water. All ani-

mal procedures were approved by the International Animal Care
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and Use Committee (IACUC) and University Laboratory Animal

Resources (ULAR) of University of California, Irvine.

Competitive hematopoietic stem cell transplantation, and blood
and bone marrow analysis

Sorted cells were cultured for 16 h in 37°C and 5% CO2. A well of

either FLU-treated or Vehicle-treated TM5 cells was combined 1:1

with a well containing vehicle-treated mTmG cells for a total of

2 × 104 KLS donor sorted cells per recipient. These cells were

transplanted via retro-orbital injection into lethally-irradiated

isoflurane-anesthetized gender matched C57BL/6 recipients. Lethal

dose of X-ray irradiation was 850 cGy single dose (XRAD 320, Preci-

sion X-ray, North Branford, CT). Transplanted recipients were fed

an antibiotic chow of Trimethoprim Sulfa (Uniprim, Envigo, East

Millstone, NJ) for 3 weeks to prevent potential bacterial infections.

For peripheral blood analysis, blood was obtained from the tail vein

of transplanted mice at various time points, and red blood cells were

depleted using ACK lysis buffer. For BM analysis, BM was harvested

from tibias and femurs by flushing with ice-cold FACS buffer (PBS

with 2% fetal bovine serum) followed by ACK lysis and filtration.

BM HSC population is defined as single cell, PI�, Ter119�, CD27+, c-
kit+, Sca1+, CD150+, cells with donor cells expressing CFP. Cells

were analyzed on the BD Fortessa. Exclusion criteria include recipi-

ent mice without engraftment (chimerism below 1%), or recipients

that died prior to analysis. FlowJo software (Tree Star) was used for

data analysis.

GvHD cell culture and transplantation

A fully MHC mismatched allogeneic transplantation between mice

with different haplotypes, H-2b and H-2d, was utilized as a mouse

model for acute GvHD (aGvHD). Fresh bone marrow cells and

splenocytes were harvested from H-2b mice (either C57BL/6 or

FoxP3-GFP) by flushing tibias and femurs using insulin syringes or

using a cell homogenizer respectively. Red blood cells were lysed

by ACK lysis buffer, then cells were filtered through a 70 lm
mesh. Donor H-2b cells were cultured with either 3 nM FLU or

vehicle (DMSO) at a concentration of 6 × 106 splenocytes plus

3 × 106 whole bone marrow cells per well in a 24-well culture

plate in 500 ll of serum-free X-VIVO 15 media. Cells were cultured

for 16 h in 37°C and 5% CO2.

For lineage cell viability analysis, unlike transplanted sample

wells, splenocytes were cultured without bone marrow then col-

lected and washed after incubation and stained for flow cytometry

analysis. Different lineage cell markers were used depending on

experiment (Appendix Table S1). Viability (percent live cells) was

measured using the dead cell stain propidium iodide (PI) and the

apoptotic cell marker Annexin V (Biolegend, #s 640905 and 640911)

according to the manufacturer’s protocol.

For transplantation, each well containing splenocytes and bone

marrow cells was washed and resuspended in 100 ll of FACS buffer

and injected retro-orbitally into lethally irradiated (850 cGy)

isoflurane-anesthetized gender matched Balb/c (H-2d) recipient

mice or C57BL/6 (H-2b) syngeneic control mice. Transplanted recip-

ients were fed an antibiotic chow of Trimethoprim Sulfa (Uniprim,

Envigo, East Millstone, NJ) to prevent potential bacterial infections.

This transplantation was a blinded study where the treatment

condition for recipient mice was unknown to the researcher until

after data collection and analysis.

For secondary transplants, 1 × 106 whole splenocytes were taken

7 days post-transplantation from primary recipients, from the previ-

ously mentioned GvHD/ allogeneic transplantation protocol, along

with fresh 2 × 106 helper tdTomato+ (H-2b) whole bone marrow and

immediately transplanted into lethally irradiated (850 cGy) second-

ary Balb/ (H-2d) allogeneic. For syngeneic transplantations, C57BL/

6 (H-2b) mice were used as recipients for both the primary and sec-

ondary transplantations. Exclusion criteria included recipient mice

with poor or no engraftment (donor chimerism below 5% of total

CD45+ cells).

GvHD transplant tissue analysis

For splenocyte and liver analysis, tissues were harvested and

homogenized with ice-cold FACS buffer in a glass tissue homoge-

nizer. Next, red blood cells were ACK lysed and then filtered

through a 70 lm mesh. Blood from the heart was collected in

10 mM EDTA solution immediately after euthanizing the recipient

then ACK lysed and filtered. The following cell populations were

analyzed in recipient blood, spleen and liver using flow cytometry:

donor CD3 T cells (single cell, PI�, CD45+, CFP+, Gr-1�, CD11b�,
B220�, CD3+), CD4 T cells (single cell, PI�, CD45+, CFP+, Gr-1�,
CD11b�, B220�, CD3+, CD8�, CD4+), CD8 T cells (single cell, PI�,
CD45+, CFP+, Gr-1�, CD11b�, B220�, CD3+, CD4�, CD8+), macro-

phages (single cell, PI�, CD45+, CFP+, Gr-1�, CD11b+), granulocytes
(single cell, PI�, CD45+, CFP+, CD11b�, Gr-1+) and B cells (single

cell, PI�, CD45+, CFP+, Gr-1�, CD11b�, CD3�, B220+). For BM anal-

ysis, BM was harvested from tibias and femurs by flushing with

FACS buffer using an insulin syringe followed by ACK lysis and fil-

tration. BM KLS population is defined as single cell, PI�, Ter119�,
CD27+, c-kit+, Sca1+ cells with donor cells expressing CFP. Cells

were analyzed on the BD Fortessa. For more antibody information

refer to Appendix Table S1. FlowJo software (Tree Star) was used

for data analysis.

GvHD grading, external

Mice were observed daily for GvHD and scored according to a previ-

ously described scoring system (Naserian et al, 2018). Briefly, mice

were examined for clinical signs of GvHD including hunched back,

skin lesions, dull fur, diarrhea, and 10% loss of initial weight. A

point was given for each symptom, with a maximum clinical score

of 5. In addition, mice with greater than 30% weight loss from ini-

tial weight were immediately given a score of 5 and euthanized.

Exclusion criteria included recipient mice with poor or no engraft-

ment (donor chimerism below 5% of total CD45+ cells).

GvHD grading, tissue sections

Small intestines and colon samples were harvested from mice and

fixed in neutral buffered formalin overnight, then transferred to

100% ethanol for storage. Select samples were submitted to the UCI

Chao Family Comprehensive Cancer Center (CFCCC) Experimental

Tissue Shared Resource, where they were paraffin-embedded, sec-

tioned, and hematoxylin and eosin (H&E) stained. Sections were

examined and scored by a trained pathologist blinded to the identity

� 2023 The Authors EMBO Molecular Medicine 15: e17748 | 2023 11 of 14

Erika S. Varady et al EMBO Molecular Medicine



of the groups. The degree of histopathology observed was scored

using a semi-quantitative scoring system (0–3 where 0 = normal,

1 = mild, 2 = moderate, and 3 = severe) for the following features

as follows: Small intestine and colon: Lamina propria inflammation,

crypt atrophy, and crypt epithelial apoptosis. Images were rendered

using QuPath-0.2.2 software.

T cell stimulation and intracellular cytokine staining

Following transplantation of C57BL/6-CFP donor cells (bone mar-

row and spleen) into lethally-irradiated Balb/c recipients, animals

were sacrificed 7–8 days post-transplantation, and the spleen and

blood was collected for analysis of T cell subsets. After processing

into single cell suspensions, spleen cells were divided into three

tubes: the first tube was stained for external markers, and the

other two were plated onto a 24-well plate, half were stimulated,

and half were unstimulated. For the external markers, cells were

stained with antibodies against CD45, CD3, CD4, CD8, B220,

CD25, and PD1. CFP expression was used to assess donor chime-

rism, and only recipients with donor chimerism > 5%. Cultured

cells were either unstimulated in complete RPMI buffer or stimu-

lated by adding 1:500 dilution of the Cell Stimulation Cocktail

(500×, Tonbo Biosciences, #TNB-4975) containing final concentra-

tions of PMA (Phorbol 12-Myristate 13-Acetate, 81 nM), Ionomycin

(1.34 lM), and protein transport inhibitors Brefeldin A (10.6 nM)

and Monensin (2 nM), for 4 h in complete RPMI at 37°C and 5%

CO2. Following stimulation, cells were collected, washed and were

resuspended in FACS buffer for intracellular staining analysis. For

intracellular staining, cells were washed in FACS buffer, spun

down at 300 RCF for 5 min, and resuspended in PBS with live/

dead dye, Zombie Red or Zombie UV (Biolegend #s 423109 or

423107) 1:400 dilution for 5 min, per manufacturer’s instructions.

Cells were then washed with FACS buffer, centrifuged at 300 RCF

for 5 min, and resuspended in a 1× fix/perm solution for 20 min

using the FoxP3/Transcription Factor Staining Buffer Kit (TNB-

0607-KIT, Tonbo). After fixation, cells were washed, centrifuged at

800 RCF for 5 min, and resuspended in 1× Perm buffer with anti-

bodies against CD45, CD3, CD4, CD8, CD25, FoxP3, IL-4, IL-17,

and IFNc antibodies. Cells were stained overnight in an ice bucket

in a 4°C cold room, then washed in 1× Perm Buffer, centrifuged at

800 RCF, and resuspended in FACS buffer. Cells were analyzed by

flow cytometry on a BD Fortessa.

Data availability

The fcs files for the flow cytometry plots presented in the figures are

available at FlowRepository.org under the repository ID FR-FCM-

Z6KY. http://flowrepository.org/id/RvFr5FH6qO41yb7N1znr29qDh

Jc73q2NduzlLYThUtNLJuqkzIpCUrSGxRHdc1gj.

Expanded View for this article is available online.
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The paper explained

Problem
Graft versus Host Disease (GvHD) is a dangerous complication that
can occur with allogeneic hematopoietic cell transplantation (allo-
HCT). Glucocorticoids can suppress the immune response to alleviate
GvHD symptoms but can have undesirable side effects. In this study,
we sought to determine whether the pre-treatment of donor cells
with glucocorticoids prior to transplantation could reduce the inci-
dence and/or severity of GvHD in a mouse model.

Results
Our results showed that culturing mouse donor cells in the glucocor-
ticoid fluticasone propionate (FLU) prior to transplantation could
improve engraftment and reduce GvHD. Analysis of the immune rep-
ertoire showed that FLU could reduce the viability of conventional T
cells and their activation after allo-HCT, particularly in the Th1
response. However, regulatory T cells were not affected, leading to an
increase in the ratio of regulatory T cells to conventional T cells,
which may condition the graft toward tolerance to the host.

Impact
These findings suggest a novel therapeutic strategy to condition donor
grafts with glucocorticoids prior to transplantation to increase
engraftment and reduce GvHD. As no direct drug administration to
recipient mice was required for this effect, this could potentially
reduce the need for immunosuppressive drugs for transplant patients.
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