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Prevention of acute graft-vs.-host disease by targeting
glycolysis and mTOR pathways in activated T cells
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Abstract. Graft-versus-host disease (GvHD) is a common
life-threatening complication that can occur following allo-
geneic hematopoietic stem cell transplantation. This occurs
if donor T cells recognize the host as foreign. During acute
GvHD (aGVHD), activated T cells utilize glycolysis as the main
source of energy generation. Therefore, inhibition of T cell
glycolysis is a potential treatment strategy for aGVHD. In the
present study, the effects of the combination of the glycolysis
inhibitor 3-bromopyruvate (3-BrPA) and the mTOR inhibitor
rapamycin (RAPA) on a mode of aGVHD were explored.
In vitro mixed lymphocyte culture model was established by
using splenocytes from C57BL/6 (H-2b) mice as responder
and inactivated splenocytes from BALB/c (H-2d) mice as
stimulator. In this model, 3-BrPA treatment (0-100 gzmol/l)
was found to suppress cell viability, increase cell apoptosis and
reduce IFN-vy secretion, in a concentration-dependent manner.
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3-BrPA treatment (0-100 gmol/l) was found to suppress cell
viability, increase cell apoptosis and reduce IFN-y secretion,
in a concentration-dependent manner. In addition, combined
treatment with 3-BrPA (0-100 xmol/l) alongside RAPA
(20 umol/l) exhibited synergistic effects on inhibiting cell
viability and IFN-y production, compared with those following
either treatment alone. An aGVHD model was established
by injection of bone marrow cells and spleen cells from the
donor-C57BL/6(H-2b) mice to the receptor-BALB/c(H-2d)
mice which were underwent total body irradiation first. In
the aGVHD model, 3-BrPA (10 mg/kg/day), RAPA (2.5 and
5 mg/kg/day) and both in combination (5 and 2.5 mg/kg/day
for 3-BrPA and RAPA, respectively) were all found to alleviate
the damage caused by aGVHD, in addition to prolonging the
survival time of mice with acute GvHD. In particular, the
combined 3-BrPA and RAPA treatment resulted in the highest
median survival time among all groups tested. In addition, the
effects induced by combined 3-BrPA and RAPA treatment
were found to be comparable to those in the 5 mg/kg/day
RAPA group but superior to the 3-BrPA group with regards
to the cumulative survival profile, GVHD score and lung histo-
logical score. The 3-BrPA and RAPA combination group also
exhibited the lowest IFN-v levels among all groups. Therefore,
the combination of inhibiting both glycolysis and mTOR
activity is a promising strategy for acute GvHD prevention.

Introduction

Hematopoietic stem cell transplantation (HSCT) is an impor-
tant treatment method for a number of refractory malignant
hematopoietic disorders, such as myelodysplastic syndrome,
T-cell lymphomas, multiple myeloma, and chronic myelo-
monocytic leukemia (1-4). However, successful applications of
HSCT are frequently limited by relapse and graft-versus-host
disease (GVHD) (5,6). The pathogenesis of acute GvHD
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(aGVHD) is associated with the activation of donor T cells (5).
Therefore, effective inhibition of activated T cells (effector
T cells) in the donor sample is key for the prophylaxis and
treatment of aGVHD (5).

Activated T cells require a constant source of energy
production to meet the demands caused by rapid prolifera-
tion (7). Aerobic glycolysis has been previously recognized to be
the main metabolic pathway activated in effector T cells during
GVHD (8-11). Howeyver, fatty acid oxidative phosphorylation has
also been reported to be active in activated T cells (8-11). Similar
to activated T cells, cancer cells also depend on glycolysis for
ATP generation, such that glycolysis inhibition has demonstrated
efficacy in the inhibition of leukemia, lymphoma and testicular
tumor cells (12-14). In a previous study by Nguyen et al (8), it
was shown that allo-antigen-activated T cells required glycolysis
for optimal function in a murine bone marrow transplant model.
Therefore, inhibition of glycolysis can be a feasible intervention
option for aGVHD prevention.

The compound of 3-bromopyruvate (3-BrPA) is an effec-
tive glycolysis inhibitor that can target both hypoxia-inducible
factor (HIF)-1a and GAPDH pathways (15-17). It has also
been reported to exert anti-cancer effects by inhibiting aerobic
glycolysis in cancer cells, such as breast and colorectal cancer
cells (17). In addition, it has been demonstrated to reverse
resistance to anti-cancer drugs by suppressing the activity of
the ATP-dependent multi-drug resistance transporter (17).
However, inhibition of glycolysis and the subsequently reduced
glucose metabolic activity/ATP concentration will activate the
mTOR pathway, producing compensatory survival signals (12).

Rapamycin (RAPA) was the first mTOR inhibitor to be
generated and has been applied for the treatment of various
types of malignancies, including breast, leukemia, prostate,
lung and skin (18). It has also been used as an immunosup-
pressor for GVHD prevention (7). A previous study has
revealed that RAPA treatment can induce the accumulation of
regulatory T cells (Treg) in the skin of mice after bone marrow
transplantation (19). In a recent study, Scheurer et al (20) found
that RAPA treatment can increase the immunosuppressive
potential of myeloid-derived suppressor cells (MDSCs) whilst
maintaining the anti-tumor cytotoxicity of T cells [Graft vs.
tumor (GVT)] without impairing the induction of Treg in a
bone marrow transplantation mouse model (20). However,
other in vitro studies and clinical findings demonstrated that
the development of RAPA resistance typically occurs (21). In
addition, toxicity is another concern of this drug (8). Therefore,
combination of low doses of RAPA with glycolysis inhibitors
may serve to be an attractive treatment option, since it may
maintain the efficacy of these drugs for the suppression of
GVHD whilst preventing the resistance and toxicity effects of
RAPA.

The effects of combined treatment with RAPA and 3-BrPA
for aGVHD remain poorly understood. Therefore, in present
study, the efficacy of combined 3-BrPA and RAPA treatment
on the pathogenesis of aGVHD, on glycolysis and mTOR
signaling in activated T cells was investigated.

Materials and methods

Animals. A total of 94 male C57BL/6 (H-2b) mice (age,
8 weeks; weight, 18.7+0.7 g) and 21 female BALB/c (H-2d)

mice (age, 8 weeks; weight, 19.0+0.5 g) were obtained from
Southern Medical University (Guangzhou, China). All mouse
studies were approved by the Ethics Committee of Southern
Medical University, performed in The Experimental Animal
Center of Southern Medical University and fulfilled the regu-
lations of The Institutional Animal Care and Use Committee
(IACUQ). In total, four mice were housed in a cage with free
access to food pellets and drinking water. The mice were
maintained in conditions of 21+2°C, relative humidity of
40-60% and a 12-h light-dark cycle.

Isolation of splenocytes. In total, three female BALB/c (H-2d)
mice and three male C57BL/6 (H-2b) mice were used for the
isolation of splenocytes by following a previously reported
protocol (22). Briefly, the mice were sacrificed by cervical
dislocation before the spleen was collected. Subsequently, the
spleen was cut into small pieces by using an ophthalmic scis-
sors and then ground with the plunger handle of a syringe on a
plastic plate in a sterile biosafety cabinet at room temperature
to release the splenocytes. The cells were collected in a centri-
fuge tube after washing with PBS and then lysed with red blood
cell lysis buffer (Beyotime Institute of Biotechnology). The
lysis was performed followed the manufacturer's instruction.
Briefly, the cells were mixed with the lysis working solution at
room temperature for 2 min with gentle shaking. Afterwards,
the cells were collected by centrifuge at 400 g for 5 min at 4°C.
This step was repeated until cracking was completed. The
isolated splenocytes were cultured with RPMI-1640 medium
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (FBS, Beyotime Institute of
Biotechnology) in an incubator under 37°C and 5% CO,.

RAPA- and 3-BrPA-supplemented one-way mixed lymphocyte
reaction (MLR). Splenocytes isolated from the male C57BL/6
(H-2b) mice as designated to be responders, whereas sple-
nocytes isolated from the female BALB/c (H-2d) mice
were inactivated by mitomycin-C (MilliporeSigma) at room
temperature for 2 h (10 ug/ml) before being designated to be
stimulators. A total of 5x10° responder cells (0.1 ml) and an
equivalent density of stimulator cells (0.1 ml) were co-cultured
in the 96-well cell culture plate supplemented with RPMI
1640 medium (Thermo Fisher Scientific, Waltham, MA,
USA), supplemented with 10% FBS (Beyotime Institute of
Biotechnology), 1% Penicillin-streptomycin (MilliporeSigma)
and 1% 1% glutamine (MilliporeSigma). RAPA, 3-BrPA or
the combination of both RAPA and 3-BrPA, at concentrations
ranging from 0-100 M, were added into the mixed lympho-
cyte culture (MLC). RAPA and 3-BrPA were obtained from
MilliporeSigma. The RAPA and 3-BrPA stock solutions were
prepared by dissolving in DMSO to produce 10 mmol/l and
stored at -20°C before use. For cell culture, quantities of RAPA
and 3-BrPA stock solutions were added into the medium at
room temperature to achieve the required final concentrations.
An equivalent amount of DMSO was added as the control.
These cells were maintained in an incubator under standard
cell culture conditions of 37°C, 90% humidity and 5% CO,.
The cells were analyzed after 24 and 48 h of culture.

Glucose consumption, cellular viability and synergistic
effect evaluations. Glucose consumption of cells in the MLC
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was evaluated using the Glucose (HK) Assay kit (GAHK?20,
MilliporeSigma) according to the manufacturer's protocol to
test the efficiency of glycolysis inhibition. Cells without any
drug treatment was used as control. This glucose consumption
assay is used to measure the conversion of glucose into
6-phosphogluconate and reduced NADH to reflect the activity
of glycolysis.

The viability of the cells in the MLC was measured 24 and
48 h after culture by using the Cell Counting Kit-8 (CCK-8;
Dojindo Molecular Technologies, Inc.) according to the manu-
facturer's protocol. Briefly, 20 ul CCK-8 was added into each
well and incubated under 37°C, 5% CO, and 100% humidity
in a cell incubator for 2 h. The absorbance of the cell culture
medium was measured at 450 nm wavelength in a microplate
reader (Wallac 1420 Victor2, Perkin Elmer).

The degree of synergism between 3-BrPA and RAPA
was calculated using the Chou-Talalay method (23). For any
inhibition ratios exerted by the combination treatment of
3-BrPA and RAPA according to the cell viability data, if the
combination index (CI) was calculated to be <1, this would
be considered that this particular combination of combined
treatment in question exhibits a synergistic effect.

Cell apoptosis evaluation. The MLC were harvested after
culture for 48 h and washed once by PBS before the staining.
Cells were centrifuge at 400 x g for 5 min, and subsequently
resuspended in Annexin V binding buffer (Cell Apoptosis
Analysis Kit, KGA108, Nanjing KeyGen Biotech Co., Ltd).
For the staining, 5 1 FITC-Annexin V and 10 ul propidium
iodide solutions were added into 100 yul cell suspension (1x10°
cells in binding buffer) and the cells were stained for 15 min
at room temperature according to the manufacturer's protocol.
After the staining, the cells were analyzed by flow cytometry
(CytoFLEX, Beckman Coulter, Brea, CA, USA). The flow
cytometric data were analyzed by using the FlowJo V10
software (BD Life Sciences-FlowJo).

ELISA. The supernatant of the MLC was collected after treat-
ment with 3-BrPA and/or RAPA for 48 h. The concentrations
of IL-4 and IFN-vy in the supernatant were then measured
by using the mouse IL-4 ELISA kit (Cat: P1612) and mouse
IFN-y ELISA kit (Cat: 1508) according to the manufacturer's
protocols (Beyotime Institute of Biotechnology). The IL-4
and IFN-vy levels in the serum of mice with aGVHD were also
measured by ELISA 7 days after transplantation, using the
same products and protocol.

Establishment of the aGVHD model and drug administration.
The aGVHD model was established by the injection of bone
marrow cells and spleen cells from the donor male C57BL/6
(H-2b) mice, which were sacrificed by cervical dislocation,
to the receiver female BALB/c (H-2d) mice (24,25). In total,
91 female receiver BALB/c (H-2d) mice and 16 male donor
C57BL/6 (H-2b) mice were used for the aGVHD study. The
C57BL/6(H-2b) mice was used for extraction of the splenocytes
and bone marrow cells for transplantation into the BALB/c
(H-2d) mice, and cells isolated from 16 C57BL/6 (H-2b) mouse
were used for transplantation into 78 BALB/c (H-2d) mice
(1 to 5). The study groups were designated as follows (n=13):
i) TBI group, where the receiver mice only underwent TBI;

ii) aGVHD group, which is identical with the TBI group except
for being transplanted with both bone marrow and spleen cells
after TBI,; iii) RAPA-2.5 mg group, which is identical to the
aGVHD group but was treated with RAPA (2.5 mg/kg/day)
for 7 days; iv) RAPA-5 mg group, which is the aGVHD group
treated with RAPA (5 mg/kg/day) for 7 days; v) 3-BrPA
group, which is the aGVHD group treated with 3-BrPA
(10 mg/kg/day) for 7 days; vi) combination group, which is
the aGVHD group treated with both RAPA (2.5 mg/kg/day)
and 3-BrPA (5 mg/kg/day) for 7 days; and vii) bone marrow
transplantation (BMT) group, which was the TBI group that
was only transplanted with bone marrow cells (6x10°).

The isolation of splenocytes was performed as aforemen-
tioned. For isolation of bone marrow cells, the femurs of the
mice were first separated from the hind legs, and the bone
marrow plug was subsequently flushed out by using PBS after
the epiphyseal head were removed. The cells were filtrated
using 70 ul nylon mesh after pipetting in the 15 ml plastic
centrifuge tube. The cells were lysed with red blood cell lysis
buffer (Beyotime Institute of Biotechnology) using protocol as
mentioned above. The isolated bone marrow cells and spleno-
cytes were suspended in RPMI-1640 medium (Thermo Fisher
Scientific, Inc.) supplemented with 10% fetal bovine serum
(FBS, Beyotime Institute of Biotechnology) in an incubator
under 37°C and 5% CO, before transplantation. These cells
were transplanted within 3 h after preparation.

The total body irradiation (TBI) was performed to kill the
hemopoietic stem cells of the recipient mice. Each recipient
mice received total 8 Gy (0.5 Gy/min, room temperature) TBI
X-ray irradiation (Varian 2100C/D, Varian Medical Systems,
Palo Alto, CA, USA). For the transplantation, 6x10° bone
marrow cells and/or 6x10° splenocytes from donor mice were
transplanted into each receiver mouse by tail vein injection <4 h
after 7.5 Gy total body irradiation (TBI) performed for 15 min
at room temperature. Various drugs were then intraperitoneal
injection to each mouse 1 h after the injection of cells. For
animal experiments, the RAPA and 3-BrPA stock solutions
were diluted using 1X PBS for intraperitoneal injection into the
mice (20). The aGVHD and BMT groups were injected with an
equivalent amount of DMSO but without drugs.

Chimeric rate examination. To determine the chimeric rate
in the transplanted mice, the mice were first anesthetized
by injection with pentobarbital sodium (50 mg/kg) 11 days
(4 days without further treatment) after transplantation, before
~2 mm of the tail was cut and 50 pl blood was collected from
the tail vein of each mouse using a micropipette. The blood
was diluted by addition of 150 ul EDTA solution. MHC Class
I (H-2Kb) Monoclonal Antibody (AF6-88.5.5.3), FITC (eBio-
science, Thermo Fisher Scientific, Waltham, MA, USA) were
added into the diluted blood and incubated for 20 min at room
temperature. Then, the cells were assessed by a flow cytometer
(BD FACSCANTO II, BD Biosciences). The flow cytometer
detected the FITC-positive cells, and the ratio of these posi-
tive cells in each tested aliquot was analyzed by using FlowJo
V10 software (BD Life Sciences-FlowJo, Ashland, OR, USA)
and defined as the allogeneic chimeric rate. The aGVHD,
RAPA-2.5 mg, RAPA-5 mg, 3-BrPA, RAPA and 3-BrPA
combination and BMT groups were analyzed by using cells
from three mice/group.
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Survival analysis. The cumulative survival curves of the mice
in each group were calculated using the Kaplan-Meier method.
For the calculation of median survival time and comparison
of the survival results among the groups, log-rank test was
performed followed by Bonferroni's correction was applied.
P<0.00238 was considered to indicate a statistically significant
difference for the comparison of the seven groups in this case.

GvHD scoring. The GVHD scores of the mice were calculated
by measurement of five parameters (weight loss, posture,
activity, fur texture and skin integrity) as previously described
by Cooke et al and the grade details were mentioned in
Table I (26). In this evaluation system, the severity of GVHD
was quantified by the change percentage of each parameter
and graded from O (normal or reduced less than 10%), 1
(reduced 10-30%; mild reduced), and 2 (reduced >30% or
serious change observed) for each criterion. The final GVHD
score was obtained by summation of scores of the five criteria.
None of the mice received any further treatment after 7 days.
Scores were recorded on day 7, 14 and 21. No mouse survived
in the aGVHD group 14 days after transplantation.

Histological analysis. Tissue response to aGVHD in the
main organs of the mice, specifically the lung and liver,
were assessed by H&E histological staining after euthanasia
by cervical dislocation. The organs were harvested 12 days
after transplantation (3 mice/group) and then fixed in 4%
paraformaldehyde under room temperature for 24 h before
paraffin embedding. The sections of 4 ym thickness were
obtained by using a rotary microtome (Leica RM2235, Leica
Biosystems). The hematoxylin and Eosin (H&E) staining was
conducted under room temperature. Briefly, the sections were
firstly deparaffinized by in two changes of xylene (10 min
each immersion), subsequently the sections were rehydrated
by immersion in two changes of 100% alcohol with 5 min for
each, and then in 95% alcohol for 5 min, in 70% alcohol for
5 min. After that, the slides were washed in distilled water
and stained in hematoxylin for 1 min, followed by washing
in tap water for 30 sec. Following, the slides were immersed
in 1% acid alcohol superfast differentiation solution for 15 sec
(Beyotime Institute of Biotechnology, Shanghai, China),
followed by washing in tap water for 15 sec. Afterwards, the
slides were counterstained in eosin solution for 15 sec. The
slides were then dehydrated by immersion in a series of one
95% alcohol for 5 min, two changes of 100% alcohol with
5 min for each and two changes of xylene with 15 sec for each.
Then, the slides were mounted with mounting medium. Images
of the slides were taken at 20X magnification in a Leica DM6B
upright fluorescence microscope (Leica Biosystems, Wetzlar,
Germany). The staining images were then scored by three
independent pathologists who were blinded before scoring,
with normal as 1, slight tissue damage as 2, mild tissue damage
as 3 and severe tissue damage as 4.

Statistical analysis. Results of cellular viability, cellular apop-
tosis, IL-4, IFN-y and the glucose consumption are presented
as mean + standard deviation. Median scores were presented
in GvHD scores and histological scores. GraphPad Prism
(Version 8.0.2, GraphPad Software, Inc.) was used for data
processing. In cases where there were two variables (RAPA

and 3-BrPA), two-way ANOVA followed by Sidak's post hoc
test was performed. For the analysis of the Kaplan-Meier's
survival results, log-rank test was performed followed by the
Bonferroni's correction. In this case, P<0.00238 was consid-
ered to indicate a statistically significant difference for the
comparison of the seven groups. The statistical analysis of
the GvVHD and histological scores results was conducted by
using Kruskal-Wallis test followed by the Dunn's post hoc
test. For the analysis of the in vivo IL-4 and IFN-y results,
one-way ANOVA followed by Tukey's test was performed. All
experiments were repeated twice except aGVHD mouse study
was performed once) and = three samples were tested for each
test at each timepoint. Apart from the Kaplan-Meier analysis,
P<0.05 was considered to indicate a statistically significant
difference.

Results

Cellular viability and synergistic effect evaluation. It was
found that the 3-BrPA treatment can effectively inhibit the
glucose consumption in a dose-dependent manner (Fig. S1).
For the 3-BrPA-alone treatment groups, increasing the 3-BrPA
concentration from 10 to 100 yM progressively decreased
glucose consumption (Fig. S1). Significant glucose consump-
tion inhibition effect were observed for RAPA-alone treatment
compared to control (0 M 3-BrPA). In the combination treat-
ment groups, the addition of RAPA alongside 3-BrPA induced
significant reductions in glucose consumption at each tested
concentration of 3-BrPA (Fig. S1). Furthermore, increasing
3-BrPA concentration from 0 to 100 M induced significant
reductions in glucose consumption in the combination groups
in a dose-dependent manner (Fig. S1).

In terms of cell viability (Fig. 1), both 3-BrPA and
combined treatment exerted significant effects on the inhibi-
tion of cell viability at both 24 and 48 h, where there were
cumulative effect between 3-BrPA and RAPA on cell viability
at both time points based on the two-way ANOVA analysis.
After 24 h (Fig. 1A), there was no statistical significance in
cell viability between the 0 and 10 #M 3-BrPA treatment-alone
groups. However, treatment with 20, 50 and 100 M 3-BrPA
alone induced decreases in cell viability compared with that in
the 0 or 10 uM 3-BrPA-alone groups (Fig. 1A). Additionally,
the cellular viability decreased as 3-BrPA concentration
increased from 20 to 100 uM (Fig. 1A). RAPA co-treatment
exerted significant reduction in cell viability at each 3-BrPA
concentration compared with that in their corresponding
3-BrPA-alone counterparts (Fig. 1A). Among the combined
treatment groups, the 0 uM 3-BrPA combination treatment
group showed no significant differences compared with that
in the 10 #M 3-BrPA combination treatment group. However,
cell viability was significantly decreased in the combination
treatment groups of 20, 50 and 100 yM 3-BrPA compared
with that in the O yM group (Fig. 1A). In addition, the cellular
viability decreased remarkably when the 3-BrPA concentra-
tion increased from 20 to 100 xM in the combination treatment
groups (Fig. 1A).

After 48 h of treatment (Fig. 1B), the cellular viability
reduced as increasing the 3-BrPA concentration from 0 to
100 uM (Fig. 1B). Combined treatment with 3-BrPA and
RAPA mediated significant reductions in cell viability
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Table I. Graft vs. host disease scores in the transplanted mice.

Parameter 0 1 2
Weight loss Reduced <10% Reduced 10-25% Reduced >25%
Posture Normal Hunching only at rest Serious hunching
Activity Normal Mild to moderately reduced No activity unless stimulated
Fur texture Normal Mild to Moderate ruffling Serious ruffling
Skin integrity Normal Scaling of paws/tail Significantly denuded skin
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Figure 1. Cellular viability analysis of the MLC. Cellular viability analysis of the MLC after treatment of 3-BrPA and RAPA for (A) 24 and (B) 48 h. At each
time point, cellular viability was determined using the Cell Counting Kit-8 method and was presented as percentage of the optical value in each group relative
to that in the control group (no drug treatment, set as 100%). "P<0.05, “"P<0.005, “*“P<0.0001. In (A), ®P<0.0001, “P<0.0001 compared to combination group
with 50 #M 3-BrPA. In (B), “P<0.0001 compared to 10 M 3-BrPA group. MLC, mixed lymphocyte culture; RAPA, rapamycin; 3-BrPA, 3-bromopyruvate.

compared with that in their corresponding 3-BrPA-alone
groups at each 3-BrPA concentration tested (Fig. 1B). Among
the combination treatment groups, the cellular viability also
decreased when increasing the 3-BrPA concentration from
0 to 100 M (Fig. 1B).

Subsequently, the CI of the combined treatment of 3-BrPA
and RAPA were calculated. After the MLC has been treated
with both 20 M 3-BrPA and 20 uM R APA for 24 h, the ~39%
inhibition ratio corresponded to a CI value of 0.71. After 48 h
of treatment, the 20 uM 3-BrPA and 20 M RAPA combined
treatment induced ~55% inhibition ratio, which corresponded
to a CI value of 0.44.

Cell apoptosis in the MLC. As shown in Figs. 2 and S2, both
3-BrPA treatment alone and when combined with RAPA medi-
ated significant inhibition effects on apoptosis. After treatment
with 3-BrPA alone, significant increases in apoptosis were
found after comparing the 0 uM 3-BrPA-alone group with the
20, 50 or 100 M 3-BrPA treatment group (Figs. 2 and S2).
Additionally, the cellular apoptosis improved as increasing
the 3-BrPA concentration from 10 to 100 #M (Figs. 2 and S2).
After the cells were treated with the combination of 3-BrPA
and RAPA, apoptosis was significantly increased compared
with that in their corresponding 3-BrPA-alone groups at each
concentration tested (Figs. 2 and S2). Among the combina-
tion treatment groups, there were significant enhancement in
cellular apoptosis by comparing the O M to the 20, 50 uM or
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Figure 2. Cell apoptosis evaluation of the MLC by flow cytometry after
combined treatment with 3-BrPA and RAPA for 48 h. "P<0.05, ""P<0.005,
“"P<0.001, “P<0.0001. ®P<0.0001 compared to the combination treatment
group with 100 yuM 3-BrPA. MLC, mixed lymphocyte culture; RAPA,
rapamycin; 3-BrPA, 3-bromopyruvate.
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Figure 3. Measurement of IL-4 and IFN-y production after combined treatment with 3-BrPA and RAPA on the MLC for 48 h. (A) IL-4 and (B) IFN-y
levels in the media were measured using ELISA. "P<0.05, “P<0.005, ““P<0.001, “*"P<0.0001. MLC, mixed lymphocyte culture; RAPA, rapamycin; 3-BrPA,

3-bromopyruvate.

100 uM 3-BrPA group (Figs. 2 and S2). Moreover, there were
remarkable increase in cellular apoptosis as improving the
3-BrPA concentration from 20 to 100 M for the combination
groups (Figs. 2 and S2).

IL-4 and IFN-y levels in the MLC. In terms of IL-4 produc-
tion, both 3-BrPA treatment alone and combination treatment
exerted significant inhibition effects (Fig. 3A). Among the
3-BrPA-alone treatment groups, the 0 uM group showed
significantly lower IL-4 production compared to the 50 or
100 uM groups (Fig. 3A). RAPA co-treatment could not
mediate a significant difference in IL-4 production compared
with that in their corresponding 3-BrPA-alone counterparts
at each 3-BrPA concentration tested (Fig. 3A). Among the
combined treatment groups, there were significant reduction
in IL-4 production comparing the 0 M 3-BrPA group to the
50 or 100 uM 3-BrPA groups (Fig. 3A).

Regarding IFN-y production (Fig. 3B), both 3-BrPA alone
and combination treatment with RAPA showed significant
inhibition effects. There was a cumulative effect between
the RAPA and 3-BrPA treatments on the inhibition of IFN-y
production. Among the 3-BrPA-alone treatment groups, the
IFN-y production decreased when increasing the 3-BrPA
concentration (Fig. 3B). Combined treatment alongside RAPA
induced significant reductions in IFN-y production compared
with that in their corresponding 3-BrPA-alone counterparts at
each concentration tested (Fig. 3B). Among the combination
treatment groups, the IFN-y production decreased significantly
as the concentration of 3-BrPA increased (Fig. 3B).

Survival time and GVHD score analyses. Kaplan-Meier
survival analysis revealed that all the 3-BrPA- and
RAPA-containing treatment groups displayed longer survival
time compared with either TBI or aGVHD (Fig. 4A).
Additionally, the RAPA plus 3-BrPA and BMT groups demon-
strated superior survival compared to the 3-BrPA group, and
the BMT group also outperformed the RAPA-2.5 mg group

in terms of survival (Fig. 4A). The combination treatment
group showed the highest median survival time among all the
treatment groups (Fig. 4B). The RAPA-5 mg group displayed
slightly higher median survival time compared with that in the
RAPA-2.5 mg group. By contrast, the median survival time
in the 3-BrPA group was inferior compared with that in the
RAPA-2.5 mg group (Fig. 4B).

The chimeric ratios in the aGVHD, 3-BrPA, 2.5 and 5 mg
RAPA groups, the combination treatment group, and BMT
group were found to be 93.1+2.6, 95.1+3.4,93.7+3.8, 94.2+3.1,
95.6+£3.5% and 95.3+2.8%, respectively (Fig. S3). There were
no significant differences among these groups, suggesting
high efficacy of bone marrow transplantation in hemopoietic
system regeneration.

Regarding the GVHD scores, it was found that there were
significant differences among the groups on days 7, 14 and 21
(Fig. 5). On day 7, there were significant decrease of GVHD
score in RAPA-5 mg, RAPA plus 3-BrPA and BMT compared
to aGVHD group (Fig. 5). The RAPA plus 3-BrPA and BMT
groups also displayed reduced GVHD scores than the 3-BrPA
group (Fig. 5). On day 14, 3-BrPA showed significant higher
GVHD score than the ones of RAPA-5 mg, RAPA plus 3-BrPA
and BMT (Fig. 5). RAPA-2.5 mg also demonstrated superior
GVHD score to the RAPA plus 3-BrPA and BMT (Fig. 5). On
day 21, RAPA-2.5 mg showed remarkably higher GVHD score
than RAPA plus 3-BrPA and BMT (Fig. 5).

Histological analysis of lung and liver tissues from mice with
aGVHD mice. In the lung tissues (Fig. 6A), those from the
5-mg RAPA treatment group showed reduced levels of small
blood clots compared with those in the 3-BrPA and 2.5-mg
RAPA treatment groups. The tissues from the combined
treatment group only showed capillary dilatation without
obvious blood clots (Fig. 6A). In the liver tissues (Fig. 6A),
fatty deposits could be observed after 3-BrPA treatment. The
5-mg RAPA treatment group and the combination treatment
group presented features that are also comparable to those
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in the control, without clear signs of inflammation or tissue
necrosis.

It was subsequently found that there were significant differ-
ences among the groups for the histological scores in the lung
and liver tissues (Fig. 6B). For the histological scores in the
lung, the Control showed significantly lower histological score
than the aGVHD, 3-BrPA or RAPA-2.5 mg groups (Fig. 6B).
Treatment with 5 mg RAPA and RAPA plus 3-BrPA resulted
in recovery of the lung, as there were no significant differ-
ences in the scores compared with those in the control group

(Fig. 6B). In addition, these two treatments induced significant
reductions in the histological score compared with those in
the aGVHD group (Fig. 6B). RAPA plus 3-BrPA treatment
mediated significant reductions in the score compared with
that in the 3-BrPA group (Fig. 6B).

For the histological score of the liver,aGVHD and 3-BrPA
groups showed higher histological scores than the Control
(Fig. 6B). But there were no significant differences between
Control and RAPA-2.5 mg, RAPA-5 mg or RAPA plus 3-BrPA,
indicating these treatments were efficient in prevention of
aGVHD (Fig. 6B). Furthermore, aGVHD showed significant
higher histological score than RAPA-5 mg or RAPA plus
3-BrPA, suggesting that these two treatments were viable for
alleviating liver damage caused by aGVHD. The RAPA-5 mg
group also showed a significant decrease compared with that
in the 3-BrPA group (Fig. 6B).

IL-4 and IFN-y levels in mice with aGVHD. Regarding in vivo
IL-4 production (Fig. 7A), there were significant differences
among the groups. The Control group showed lower IL-4
production compared to the aGVHD, 3-BrPA, RAPA-2.5 mg
and the combination treatment group (Fig. 7A). The TBI group
only showed inferior IL-4 production to the aGVHD and
3-BrPA group (Fig. 7A). Additionally, there were no signifi-
cant differences between aGVHD and 3-BrPA, RAPA-2.5 mg,
RAPA-5 mg or RAPA plus 3-BrPA (Fig. 7A). There were
also no significant differences among the RAPA-containing
treatment groups (Fig. 7A). The 3-BrPA group showed a signif-
icantly higher level of IL-4 production compared with that of
the RAPA-5 mg group, but without significant differences by
comparing to the RAPA-2.5 mg or RAPA plus 3-BrPA group.

In terms of IFN-y (Fig. 7B), there were significant differ-
ences among the groups. Control group showed the least
IFN-y production among the groups (Fig. 7B). The TBI group
showed inferior IFN-y production compared to aGVHD group
but superior IFN-y production to the combination treatment
group (Fig. 7B). The aGVHD group showed the highest
IFN-y production among the groups (Fig. 7B). After 3-BrPA
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and/or RAPA treatment, the IFN-y production was significantly
reduced compared to the aGVHD group (Fig. 7B). Among
the 3-BrPA and/or RAPA treatment groups, the combination
treatment group induced the lowest IFN-y level (Fig. 7B). The
RAPA-5 mg group showed lower IFN-y production compared
with 3-BrPA and RAPA-2.5 mg groups.

Discussion

To synergistically improve the aGVHD treatment outcome,
the glycolysis inhibitor 3-BrPA was combined with the mTOR
inhibitor RAPA to target activated T cells in the present
study. This strategy revealed desirable synergistic effects in
inhibiting the viability of activated T cells. This combined
treatment method also potentiated the apoptosis of activated
T cells. In addition, decreased production of the proinflam-
matory cytokine IFN-vy validated the potential efficacy of this
strategy further. This combination of low-dose RAPA and
3-BrPA treatment also yielded promising outcomes in the
in vivo aGVHD mouse model by prolonging the survival time.
These preclinical results support the hypothesis that 3-BrPA
and RAPA can mediate synergistic effects in preventing
aGVHD, providing a potentially feasible approach to address
this condition.

It has been previously reported that both 3-BrPA and
RAPA possess profound anti-cancer properties (27). However,
their mechanisms of action are distinct. 3-BrPA exerts its func-
tion by targeting GAPDH and hexokinase by alkylating their
active sites, with the former serving as the predominant inhi-
bition pathway (17). Additionally, 3-BrPA can also target the
HIF-1a pathway to regulate GAPDH activity further (15,28).
It has been reported that administration of 3-BrPA led to
the depletion of intracellular ATP in breast cancer cells and
thus to deprive cells of energy, inhibiting cell proliferation
whilst inducing cytotoxicity and cell apoptosis (15). RAPA is
also called Sirolimus and binds to mTOR, which serves key
roles in nutrient metabolism regulation, cell proliferation and
survival (26). In a previous aGVHD study, RAPA was found
to induce the apoptotic cell death of conventional CD4*CD25
T cells by inhibiting the mTOR/PI3K pathway (29). Another
previous study demonstrated the immunosuppressive effects
of RAPA on Treg and CD8* T cells in mice model (30). In
the present study, the combination of 3-BrPA and RAPA were
tested on activated T cells before subsequently investigating
their effects on an in vivo aGVHD model.

In the in vitro MLR model, application of 3-BrPA alone
significantly inhibited cell viability at doses as low as 20 M.
This is most likely due to the potent inhibition of the glycolytic
energy production pathway in the rapidly proliferating and
differentiating T cells (18). Additionally, combined treatment
exhibited synergism in inhibiting cell viability even when
the 3-BrPA concentration was 20 yM. This synergistic effect
mediated by low doses of both 3-BrPA and RAPA could be of
clinical importance for the treatment of aGVHD, because the
application of RAPA is highly compromised by adverse side
effects (31).

The reduced cell viability observed in the present study may
be caused by the inhibition of cell proliferation or reduction
of cell number. Therefore, the extent of T cell apoptosis was
next measured. Severe cell apoptosis was observed following
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combined drug treatment. This was likely to be due to the vital
energy pathways of HIF-1la, GAPDH and mTOR all being
suppressed. Results from the present study are consistent with
those from a previous study (18), which reported that RAPA
treatment enhanced the anti-tumor capacity of 3-BrPA in lung
cancer cell lines H1299 and H23. Treatment with both 3-BrPA
and RAPA resulted in the apoptosis of T cells in a synergistic
manner. Therefore, this strategy provides a promising option
for the prevention of GVHD.

T helper 1 (Thl) and T helper 2 (Th2) CD4* T cells can
regulate aGVHD by producing a variety of cytokines (32).
Thl cells mainly produce IFN-y, TNF- and IL-2, while Th2
cells mainly secrete IL-4, IL-5, IL-6 and IL-10 (29). Thl cells
are associated with the development of aGVHD, whilst Th2
cells are able to reduce the severity of GVHD (32). Therefore,
Th1/Th2 polarization serves a critical role in aGVHD patho-
genesis (33), such that targeting Thl transcription factors can
prevent GVHD (34). In the present study, the relatively stable
IL-4 levels among the treatment groups but markedly reduced
IFN-v levels in the combined treatment groups suggest that
the inhibitory effects of this treatment were mainly exerted on
Thl cells instead of Th2 cells. In future studies, the popula-
tions of Thl and Th2 cells after RAPA and 3-BrPA treatment
should be investigated.

In the efferent stage of aGVHD, activated T cells and
inflammatory cytokines coordinate to attack target tissues
and damage the organs (32). These cells include Thl cells
and cytotoxic CD8" cells, with cytokines including IFN-y and
TNF-f (35). In the present aGVHD mouse model, it was found
that the administration of 3-BrPA, RAPA and both treatments
combined mitigated the damage mediated by aGVHD in the
main organs, which was likely to be due to the inhibition of
various different pathways in the activated T cells, such as

mTOR and glycolysis. These findings are consistent with a
previous study by Nguyen et al (8), which found that glycolysis
inhibition can ameliorate aGVHD after allo-HSCT in mice.
In that previous study, another glycolysis inhibitor 3-(3-pyri
dinyl)-1-(4-pyridinyl)-2-propen-1-one was applied to inhibit
glycolysis, by targeting 6-phosphofructo-2-kinase (8). The
staining results in the present study revealed that the combina-
tion treatment group appears to be superior compared with the
3-BrPA and low-dose RAPA treatment groups whilst being
similar to the 5-mg RAPA treatment group. In the 3-BrPA
group, inhibition of glycolysis in the mice also induced lipid
deposition in the liver. However, this was not observed in the
combined treatment group, likely due to the reduced dose of
3-BrPA.

In vivo cytokine levels are important indicators of
aGVHD (33). IFN-vy levels in the serum has been previously
associated with the severity of aGVHD (36). Findings from the
present study also support this conclusion, since the aGVHD
group presented higher IFN-y levels compared with those
in the control. In addition, inhibition of GAPDH, mTOR or
both pathways efficiently reduced the IFN-y levels, indicating
successful suppression of the activity of Th1 cells. Since there
were no obvious changes in the IL-4 levels after any of the
treatments, the direction of Th1/Th2 polarization was likely
to be biased towards the Th2 subset. Although it would be
of interest to perform western blotting assay to evaluate the
key targets of both mTOR and glycolytic pathways, it was
not possible to obtain the required volume of blood from
each mouse for the isolation of sufficient T cells for western
blotting. Therefore, only the cytokine concentration from the
blood was measured using ELISA in the present study.

Minimizing GVHD whilst maximizing the GVT effect is
the ideal outcome of HSCT (20). There is a limitation in the
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present study, only the prevention of aGVHD by combining
the glycolysis inhibitor 3-BrPA and the mTOR inhibitor RAPA
was focused upon. In future experiments, the GvT effect of this
combination treatment can be evaluated on animals with blood
cancer (such as leukemia, lymphoma and myeloma) and under-
went HSCT. This combination is advantageous, since both the
in vitro and in vivo data confirmed the high efficacy of this
strategy. Furthermore, this approach likely exerts synergistic
GVT effects, since the glycolysis inhibitor is able to suppress
cancer cell viability whereas mTOR inhibition can hinder the
proliferation and survival of cancer cells. In future studies, the
influence of this system on the GVT effect, in addition to other
immune cell types, such as Tregs and MDSCs (20), should be
studied.

In conclusion, the present study applied both in vitro
MLR and in vivo aGVHD mouse models to reveal that
glycolysis inhibition is an efficient approach for aGVHD
prevention. Furthermore, combination treatment with 3-BrPA
plus low-dose RAPA appears to be advantageous, since
it targets multiple signaling pathways and requires lower
doses of RAPA. Therefore, the present study opened a novel
avenue for aGVHD prevention and treatment. In the future,
introducing novel glycolysis inhibitors and immunosuppres-
sors with minimal side effects and higher efficacy to target
multiple signaling pathways would be highly desirable for the
combination therapy of aGVHD.
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