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Abstract
Background: Hyperacute graft-versus-host disease (GVHD) as a severe and lethal disorder frequently
occurs within 2 weeks followed by allogeneic haematopoietic stem-cell transplantation (allo-HSCT).
Molecular mechanisms underlying allo-HSCT triggered hyperacute GVHD remain elusive.

Method: Using a genetic NADPH-oxidase de�cient CGD murine hyperacute GVHD model, we measured
the proportion and related function of donor-derived T cells and recipient-derived myeloid derived
suppressor cells(MDSC) by �ow cytometry. Reactive oxygen species(ROS), a key molecule of
immunosuppressive function, was evaluated by luminometer in murine model and cohort patients who
received allo-HSCT with or without hyperacute GVHD. We also performed related interventions such as
MDSC depletion and ROS agonist to discern the clinical signi�cance of MDSC-NADPH-ROS axis on
immune homeostasis. The underlying mechanism on the process of hyperacute GVHD was determined
by RNA-sequence assay and cytokine pro�ling.

Results: Here we surprisedly found that MDSC derived ROS potently prevents hyperacute GVHD by
suppressing T cells activation. Moreover, in CGD mice receiving transplantation, the donor derived T cells
triggered an immense allo-reactive T cell response and gained killing capacity during hyperacute GVHD.
MDSCs, a main cell type for ROS production, exhibited defective suppressive effects on CD8+ and CD4+ T
cells. Similarly, pharmacological depletion of MDSCs by an anti-Gr1antibody reproduced the hyperacute
GVHD phenotype as seen in CGD mice. Conversely, a gain-of-function approach using a ROS agonist
prevented development of hyperacute GVHD. Transcriptional analysis showed that T-cell dysregulation
during hyperacute GVHD. In a cohort of 17 patients who received allo-HSCT, ROS levels were reversely
correlated with hyperacute GVHD development. Together, our data provide novel mechanistic insights into
the MDSC-NADPH-ROS suppressive functions in development of allo-HSCT.

Conclusion: On the basis of these �ndings, we propose a new therapeutic paradigm by delivery of ROS
agonists for effective prevention and treatment of hyperacute GVHD.

Background
Allogeneic hematopoietic stem cell transplantation (allo-HSCT) remains the only potentially curative
option for various malignant hematological disorders. Over 1 million hematopoietic cell transplants have
been performed worldwide, of which 400000 were allogeneic(1). Hyperacute graft-versus-host disease
(GVHD) frequently develops in unprophylaxed or suboptimally prophylaxed recipients with allo-HSCT and
confers resistance to �rst-line therapy. It is a robust and independent predictor of non-relapse mortality(1-
4). Despite this known knowledge, the molecular mechanisms underlying development of hyperacute
GVHD are not understood. There is an urgent medical need to prevent and treat the hyperacute GVHD by
developing novel effective therapeutics. 

Acute GVHD is caused by immune competent T cells in the donated tissue that recognize the recipient as
the foreign origin. The activated donor T cells acquire cytolytic capacity to eliminate the foreign antigen
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positive recipient cells. Recipient neutrophils were proved to present allo-antigens to donor T cells and
cause acute GVHD(5). In innate immune responses, neutrophils as the most abundant leucocytes release
superoxide radicals and other secondarily‐derived reactive oxygen species (ROS). On the other hand,
previous studies showed that excessive ROS impairs the function of hematopoietic stem cells (HSCs)
and that antioxidants increase engraftment of HSCs in immune-de�cient mice(6, 7). Given the previous
studies showing, we hypothesized that ROS might play a detrimental role in developing hyperacute
GVHD. In general, the role of ROS in acute GVHD is vague and comprehensive experimental evidence is
require to further strengthen these claims. 

In this work, we took a genetic loss-of-function approach to investigate the role of ROS in developing
hyperacute GVHD. Surprisingly, all allo-HSCT-transplanted NADPH-oxidase de�cient CGD mice
experienced sudden death owing to development of hyperacute GVHD. Notably, delivery of a ROS agonist
completely rescued these mice from death by preventing hyperacute GVHD. Mechanistically, MDSC-
derived ROS mediated the suppression of T cell response and transcriptional analysis showed that T-cell
dysregulation during hyperacute GVHD. In a limited of human patients, we showed that an overt reverse
correlation between ROS levels in the peripheral blood and incidence of hyperacute GVHD. On the basis of
these �ndings, we reasonably propose: 1) ROS levels in the peripheral blood might be used as a surrogate
marker for predicting hyperacute GVHD; and 2) ROS agonists could be potentially used for preventing and
treating hyperacute and other GVHDs in non-hematopoietic settings.

Materials And Methods
Human subjects

Sample collection, and analysis were approved by the Ethics Committee of Blood Diseases Hospital,
Chinese Academy of Medical. Written informed consent was obtained from each patient. The patients
characteristics, including underlying diagnosis, donor type, conditioning regimen, immunosuppressive
regimen, recipient age, and gender, are detailed in Table S1.

Mice and Leukemia cells

BALB/c (H-2Kd+) and C57BL/6 mice (H-2Kb+,WT), 8-10wk of age, were obtained from Chinese Academy
of Medical Sciences, and X-linked NOX2-de�cient CGD mice (gp91phox-/-, B6.129S6-Cybbtm1Din, H-
2Kb+) were kindly provided by professor Hongbo R. Luo (Boston Children’s Hospital, Boston, USA). All
mice were housed in speci�c pathogen-free barrier facilities; during procedures animals were kept under
laminar �ow. Diet consisted of standardized pellet chow and UV decontaminated water. All experiments
were approved by the Animal Care and User Committee at the Institute of Hematology, Chinese Academy
of Medical Sciences. Plasmid-transduced GFP+ MLL-AF9 leukemia cells (H-2Kb+eGFP+) are kindly
provided by Dr. Tao Cheng (State Key Laboratory of Experimental Hematology, Tianjin, China) and
maintained in liquid nitrogen(8). 

Transplantation models



Page 5/31

Gender and age-matching CGD or WT mice that received 9.4 Gy of total body irradiation (137Cs source)
were intravenously infused with 1×107 bone marrow (BM) nucleated cells with co-transfusion
of 1×107 spleen cells either from allogeneic donors (BALB/c mice) as allo-HSCT, or from syngeneic
donors (C57BL/6 mice) as syngeneic hematopoietic stem cell transplantation (syn-HSCT) within 24
hours after irradiation. The day of transplantation was set as day 0.

Lethally irradiated CGD and WT mice that received 1×107 BM nucleated cells from BALB/c mice
resuspended in PBS or PBS only at day 0 were de�ned as the BM and the PBS control group, respectively.
Lethally irradiated recipient mice receiving a total of 5 ×106 sorted T cells or T-cell-depleted splenic (TCD-
SP) cells from the spleen of allogeneic donors using anti-CD3 magnetic-activated cell sorting (MACS;
Miltenyi Biotec, Auburn, CA) at day 0 were de�ned as the T cell group and the T cell-depleted group,
respectively. 

GVHD assessment

The severity of GVHD was assessed with a clinical GVHD scoring system(9). The following 5 clinical
parameters were scored: weight loss, posture, activity, fur texture, and skin integrity. At the time of
analysis, mice from coded cages were evaluated and graded from 0 to 2 for each criterion. A clinical
index was subsequently generated by summation of the �ve criteria scores (maximum index = 10).
Survival was monitored daily.

Histological analyses

The tissues harvested immediately from recipients at various intervals were placed in 10% buffered
formalin phosphate. The �xed tissues were para�n embedded, sectioned, and stained with hematoxylin
and eosin ((i.e., H&E). Slides of three main GVHD target tissues (liver, skin, and intestine) were coded
without reference to prior treatment and examined in a blinded fashion by three pathologists. The scoring
system denoted 0 as normal, 0.5 as focal and rare, 1.0 as focal and mild, 2.0 as diffuse and mild, 3.0 as
diffuse and moderate, and 4.0 as diffuse and severe. Scores were added to provide a total score for each
specimen(10, 11). Lungs (n=3 mice/group) were removed, washed with PBS, �xed in 10% formalin, and
embedded in para�n. Sections (5μm) were cut and stained with H&E for light microscopy. 

Analysis of bronchoalveolar lavage cells

WT and CGD mice were sacri�ced at day 3 after receiving allo-HSCT. After trachea cannulation, the lungs
were lavaged with 1 ml of PBS three times, and the fluids were pooled. Cell counts were performed on all
nucleated cells.

Oxidative stress determination

ROS produced by MDSCs were measured as previously described by us(12).
Brie�y, CD11b+Gr1+ cells were sorted from BM cells of normal CGD or WT mice using a BD FACS Aria III
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�ow sorter (BD Biosciences, San Jose, CA). The sorted populations were > 95% pure. Cells
were resuspended in PBS with 50μM lunimol and 4U/ ml horseradish peroxidase (Sigma) with proper pH
value. After stimulation with 1μM fMLP (Sigma), the levels of ROS of CD11b+GR1+ cells were detected
using the luminometer. 

ROS accumulation in the BM was measured in freshly isolated BM of recipient mice at day 3 after
receiving allo-HSCT using an Amplex Red Hydrogen Peroxide Assay Kit (Invitrogen)(13). Similarly, ROS
accumulation in the serum was measured in freshly isolated PB of patients on day 0 before receiving
allo-HSCT using the same Kit.

Flow cytometry

BM cells obtained from �ushing ilia, femurs, and tibias and spleen cells of recipients at day 3 after
receiving allo-HSCT were stained with antibodies for 40 min at 4℃, washed with staining buffer, and
analyzed with FACS CantoII (BD Biosciences, San Jose, CA). Data were analyzed with FlowJo software
(Treestar). Hematopoietic reconstitution by the donor-derived cells was monitored by �ow cytometry
using PE–H-2Kd and PerCP–Cy5.5–H-2Kb antibodies. The immunophenotypes of murine LSK (LSKs;
Lin- CD34- c-Kit+), common myeloid progenitor cells(CMP, CD34+ CD16/32int cells) and megakaryocyte-
erythroid progenitor cell (MEP, CD34- CD16/32- cells)(14) were quanti�ed by the use of APC-c-kit, PE/Cy7-
lin, FITC-CD34, APC/Cy7-Scar-1 and PE-CD16/32. Meanwhile, APC-Cy7 CD3, FITC- or APC/Cy7-CD4,
PE/Cy7-CD8, APC-CD25, PE-CD69, Percp/Cy5.5-CD62L and FITC-CD44 were used for the detection of T
cells activation. Antibodies were purchased from Biolegend or ebioscience (San Diego, CA).

Live-cell imaging of cell interactions

MLL-AF9 leukemia cells -the target cells - were mixed with donor-derived (H-2Kd+) CD3+ T cells - the
effector cells - isolated from the spleen of CGD or WT mice at day 3 after allo-HSCT at the ratio of 1:1
(1x105/well). The total volume of 400μl cell mixture was inoculated in a 24-well plate. The pictures were
taken every 10 minutes at 37°C and 5% CO2 using the living cells workstation (Nikon Ti-e, Japan) for 18
hours. Leukemia cells cultured over the same period in the same plates were used as a control.
Fluorescence intensity and changes in cell interactions over time were analyzed by FlowJo and ImageJ
software. 

Suppression of T cells proliferation 

Recipient derived MDSCs (H-2Kb+CD11b+Gr1+ cells) were sorted from BM cells of recipient WT or CGD
mice at day 3 after allo-HSCT with a BD FACS Aria III �ow sorter (BD Biosciences, San Jose, CA). Splenic
CD3+ T cells were obtained from normal BALB/c mice using positive bead selection. For cell proliferation
detection(15), T cells were incubated at 107/ml with 2μM carboxy�uorescein succinimidyl ester (CFSE,
Invitrogen) for 8 minutes at room temperature and subsequently washed twice in medium with 10% fetal
bovine serum. T cells labeled with CFSE were seeded at 2×105 cells/well in 96 well �at-bottom plates (BD
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Falcon) and were stimulated with anti-CD3, anti-CD28 and IL-2 (BD Biosciences) for 72 h at 37℃, without
or with the addition of MDSCs (at the ratio of 10:1). 

In vivo MAb anti-Gr1 antibody and BSO Administration

Anti-mouse Ly6G/Ly6C antibody (anti-Gr1Ab, 200ug/kg, Bioxcell) was administered intraperitoneally to
WT mice 3 hours before and every 48 h after allo-HSCT(16, 17).

Recipient CGD mice of the L-butionine-sulfoxamine (BSO, Sigma-Aldrich) group (BSO group) were injected
intraperitoneally with BSO (10 mg/kg) in PBS 3 hours before and every day after allo-HSCT (13).

RNA-sequencing(RNA-seq) assay

Recipient derived MDSCs (H-2Kb+CD11b+Gr1+ cells) from BM and donor derived T cells (H-2Kd+CD3+)
from spleen of WT or CGD mice at day 3 after allo-HSCT were separated and total RNA were extracted.
The RNA-sequencing assay was carried out under using the BGIseq500 platform (BGI, Wuhan,China) and
the result data was analyzed by following the manufacturers’ protocol.

Cytokine Pro�ling

Serum samples of recipient WT and CGD mice with or without BSO treatment were collected from at least
3 mice per group at day 3 after allo-HSCT transplantation. According to the manufacturer’s instructions,
17 cytokines associated with T cells were analyzed with a ProcartaPlex Immunoassay Kits (ebioscience,
San Diego, CA). The levels of mouse cytokine were examined and reported in units of pg/mL. 

Statistical Analysis

SPSS software (version 16.0) and GraphPad Prism 5.0 (San Diego, CA) were used to analyze the results
and create graphs. All comparisons represent 2-tailed unpaired t-test analyses. P-values<0.05 were
considered statistically signi�cant. *P< 0.05, **P< 0.01, and ***P< 0.001 were used in comparison.

Results
Hyperacute GVHD occurs in ROS de�cient mice after allogeneic transplantation.

ROS were crucial for human hematopoietic regulation and antioxidants were able to increase
engraftment of HSCs in immune-de�cient mice(6, 7). However, lower level of ROS could be more
bene�cial for allo-HSCT remains unknown, let alone ROS production de�ciency. 

To investigate the underlying mechanism of ROS in allo-HSCT, the NOX2-de�cient mice (i.e., the CGD
mice) were established on complete the major histocompatibility antigen (MHC)-mismatch GVHD model
(Figure 1A). Surprisingly, the mice with ROS production de�ciency – the CGD mice - died rapidly after
receiving allo-HSCT, with a median survival time of 4 days (range, 3 to 5 days) versus 25 days (range, 22
to 28 days) for WT mice (Figure 1B). The CGD mice exhibited a complication similar to but somewhat
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distinct from typical aGVHD at day 3 including severe ru�ing, lack of movement (unless stimulated),
slight hunching and skin integration (Figure S1). Compared with WT mice receiving allo-HSCT, CGD mice
exhibited continuous weight loss without a great rising tendency of GVHD scores (Figure 1C-D). The white
blood cell count of CGD mice with allo-HSCT persisted at less than 1.0×109/L until the mice died and
exhibited the lack of neutrophil repopulation, while that of WT mice recovered after day 8 (Figure 1E).
Histological scoring analysis revealed different patterns of impairment in the liver, intestine and skin,
which are classic target tissues of aGVHD (Figure 1F). The samples from WT mice showed clear
symptoms of aGVHD on day 25, such as lymphocyte in�ltration and hydropic degeneration. In contrast,
CGD and WT mice at day 3 had nearly negative clear sign in target tissues (Figure1G-I). 

In consideration of the lethally and rapidly progressive complications that CGD mice suffered from and
depended only on allogeneic cells infusion, we turned our attention to the hyperacute GVHD phenotype.
Based on hyperacute GVHD of humans characterized by unexplained fevers, diarrhea, skin rashes and
hepatic toxicity that occur before engraftment (less than 14 days) in patients with allo-HSCT and its
distinction from typical aGVHD (12), we de�ned hyperacute GVHD of mice using the following criteria.
The symptoms occurred within 7 days after allogeneic transplantation before engraftment; the mice
showed continuous weight loss with irradiation, poor grooming and impaired movement with or without
hunching or skin integrated; and the animals died within 2 days after onset of symptoms and atypical
histological changes of classical target organs. 

The link between low ROS level and the development of hyperacute GVHD symptoms in patients after
allo-HSCT.

To investigate the role of ROS in hyperacute GVHD of patients, we measured the level of ROS in the
peripheral blood of 17 patients (Table 1) on the day of allo-HSCT, before the donor stem cells were
infused (Figure 2A). These patients were followed up. Although none of the patients died of hyperacute
GVHD at the early stage after allo-HSCT because the usage of prophylaxed immunosuppressants,
6 patients developed hyperacute GVHD symptoms, including 6 had unexplained fever, 3 developed
diarrhea and 1 developed liver dysfunction seven days after transplantation. The level of ROS of these 6
patients was signi�cantly lower than that of patients without hyperacute GVHD symptoms (Figure 2B). 5-
year overall survival of patients with and without hyperacute GVHD symptoms was 50.0% and 90.9%,
respectively (P= 0.052, Figure 2C). We further tested different cytokines of serum from each group. The
level of IL-2R of patients with hyperacute GVHD symptoms were signi�cantly higher than of patients
without hyperacute GVHD symptoms on the day of allo-HSCT.

These �ndings, although being limited by the small number of patients, demonstrate that recipients with
low ROS level before transplantation are more likely to have hyperacute GVHD symptoms after
transplantation and suggest that a moderate level of ROS might be essential for patient receiving allo-
HSCT.
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Table 1 The relationship between the level of ROS and the development of hyperacute GVHD in
patients receiving allo-HSCT.

Patient ROS in PB

(unit)

Unexplained

fevers

Diarrhea Skin

rashes

Hepatic

toxicity

Case 1 45.4 Yes No No No

Case 2 51.2 Yes Yes No Yes

Case 3 52.5 Yes Yes No No

Case 4 53.3 Yes Yes No No

Case 5 54.5 Yes No No No

Case 6 85.2 No No No No

Case 7 139.6 No No No No

Case 8 148.6 No No No No

Case 9 157.7 Yes No No No

Case 10 174.1 No No No No

Case 11 187.5 No No No No

Case 12 232.2 No No No No

Case 13 268.4 No No No No

Case 15 300.8 No No No No

Case 16 358.1 No No No No

Case 17 399.2 No Yes No No

Donor-derived splenic T cells account for hyperacute GVHD.

To further explored why ROS production de�ciency mice suffered from hyperacute GVHD symptoms after
allografting, we analyzed survival of WT and CGD mice by using different types of allogeneic cells sorted
from BALB/c mice (Figure 3A). Neither of CGD and WT mice receiving donor BM cells displayed
hyperacute GVHD at day 3-5. Nor did they develop aGVHD at day 20-30 after transplantation. Both WT
and CGD mice survived at the end of observation (day 40). In contrast, all lethally irradiated mice (CGD or
WT) receiving only PBS (PBS control) began to die at about 9 days after transplantation of bone marrow
failure, much longer than that of CGD mice suffered from hyperacute GVHD (P<0.01). There was no
statistical difference of survival between CGD and WT mice in PBS control group (Figure 3B). The
survival time of CGD mice receiving T cells was signi�cantly shorter than that of WT mice with the same
treatment (Figure 3C, P<0.001), and the survival time was similar to that of CGD mice receiving allo-
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HSCT (Table S2, P>0.05). On the contrary, the survival time of CGD mice receiving T-cell-depleted cells
sorted from donor spleens cell (TCD) transplantation was similar to that of WT mice with the same
treatment (Figure 3D, P>0.05), but was signi�cantly longer than that of CGD mice receiving allo-HSCT
(Table S2, p=0.0092).

In order to evaluate the role of donor-derived HSCs and hematopoietic progenitor cells (HPCs)
in hyperacute GVHD, we sacri�ced CGD and WT mice at day 3 after they received allo-HSCT. As shown in
Figure S2, the frequencies and absolute numbers of HSCs and HPCs failed to recover during hyperacute
GVHD occurrence, indicating that the fatal complication only depended on the cells infused during
transplantation.

Together, these results indicate that the donor spleen-derived T cells are crucial for the hyperacute GVHD
phenotype of CGD mice after receiving allo-HSCT.

Elevated activity of allo-reactive T cells during hyperacute GVHD.  

It is widely accepted that GVHD is related to reactivity of donor T cells against host antigens(2). In our
study, the spleen of CGD mice sacri�ced at day 3 after receiving allo-HSCT was statistically larger, heavier
and contained more cells than the WT mice (Figure 4A), indicating that the allo-reactive T cells might be
activated and proliferate in immune organs during hyperacute GVHD.

To test this hypothesis, we sacri�ced recipient CGD mice suffering hyperacute GVHD at day 3 after allo-
HSCT and used �ow cytometry to analyze cell sizes (increased in activated T cells) and expression of T
cell markers CD25, CD44, CD69 (highly expressed in activated T cells) and CD62L (lowly expressed in
activated T cells)(18). 

We found that during hyperacute GVHD, the proportion and absolute number of H-2Kd+CD3+CD8+ T cells
in both the bone marrow and spleen of CGD mice were signi�cantly higher than those of WT mice (Figure
4B). In addition, the number of activated CD8+ T cells (CD62-CD69+) was signi�cantly higher than that of
WT mice. In CGD mice, the change in H-2Kd+CD4+T was also consistent with that of H-2Kd+CD3+CD8+ T
cells. Moreover, the proportion and absolute number of these cells increased in bone marrow and spleen,
and the number of activated CD4+T cells also increased (Figure 4C). Moreover, the result of regular T
cells (CD4+CD25+FOXP3+ T cells, T reg cells) in the spleen of WT mice and CGD mice indicated Treg cells
were proliferated and activated during hyperacute GVHD (Figure 4D). 

Next, we sorted H-2Kd+CD3+ T cells from the spleen of CGD (CGD-T cells group) or WT mice (WT-T cells
group) that received allo-HSCT 3 days to measure the killing ability and genome-wide RNA-seq. Then
sorted CD3+ T cells were co-cultivated with H2Kb+eGFP+AF9 tumor cells for 18 hours and measured the
killing ability of live cells by video-tracing of the cell-cell interactions over time. Rapid disappearance of
green-labeled cells, which represented AF9 tumor cells, was seen for the CGD-T group (Video S1), but not
for the WT-T group (Video S2). At the end of experimentation, the eGFP+ tumor cells in the CGD-T group
were signi�cantly fewer than those in the WT-T group (Figure 4 J). Then, we took advantages of the gene
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ontology (GO) analysis and found that the upregulated expressed genes of H-2Kd+CD3+CD8+ T and H-
2Kd+CD3+CD4+ T cells from CGD and WT were principally associated T cell activation and acute
in�ammation response. Different from activation of B cells activation pathway in CD8+ and CD4+ T cells
sorted from WT mine, positive regulation of T cells activation, myeloid leukocyte migration and acute
in�ammatory response were upregulated in T cells from CGD (Figure 4 F-G). 

MDSCs with impaired ROS production cannot inhibit T cell proliferation and activation.

NADPH oxidase NOX2 is mainly expressed in myeloid cells, and the gp91 subunit of NADPH oxidase
holoenzyme has been deleted in the CGD mice, leading to the defect in ROS production(13). While
representing an escape mechanism for immune surveillance in cancer, MDSCs have a bene�cial role in
transplantation and function by suppressing alloreactive-T cell responses, reducing the occurrence of
typical acute GVHD (aGVHD) (9, 19-32). Because allo-reactive T cells are massively activated and
proliferate during hyperacute GVHD, we ask whether these changes can be linked to the level of ROS that
is produced by MDSCs (CD11b+Gr1+). 

First, we determined the level of ROS in CD11b+Gr1+ cells from the BM during hyperacute GVHD by using
a chemiluminescence-based method. Not surprisingly, the ROS production in CD11b+Gr1+ cells of the
CGD mice was defective and the ROS production in the BM of CGD mice receiving allo-HSCT after 3 days
was signi�cantly lower than that of WT mice (Figure S3A-B). Then, we found that during hyperacute
GVHD, the proportion and absolute number of MDSCs in both the BM and spleen of CGD mice were
signi�cantly higher than those of WT mice and most all cells were coming from recipient mice (Figure 5A-
C). 

We subsequently tested whether the de�ciency of ROS production could attenuate the suppressive
function of MDSCs. CD3+ T cells sorted from spleen of normal BALB/c mice were cocultured at the ratio
of 10:1 with MDSCs isolated from the BM of WT mice (WT-MDSCs group) or of the CGD mice (CGD-
MDSCs group) at day 3 after allo-HSCT. The cell mixtures with or without stimulating factors were used
as positive and negative controls. The WT-MDSCs showed strong suppressive ability toward proliferation
of both CD8+ and CD4+ T cells based on CFSE labeling, decreased expression of activation CD69 and
increased expression of CD62L. In contrast, CGD-MDSCs displayed impaired suppressive effect on the
activation and proliferation of both CD8+ and CD4+ T cells, with more dividing cells, and marked up-
regulation of the activity markers (Figure 5). Moreover, a larger number of CD3+ T cells could differentiate
toward CD8+ T cells when cocultured with CGD-MDSCs (Figure 5C, G). 

To explore the potential molecular mechanism of inability recipient-derived MDSCs during hyperacute
GVHD, we further pro�led the transcriptome sequencing of recipient-derived CGD-MDSCs and WT-MDSCs
isolated from the BM of WT mice or of the CGD mice at day 3 after allo-HSCT. Pathway enrichment
analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database and gene set
enrichment analysis (GSEA) were performed. As shown in Figure 5 K-L, regulation of GVHD and allograft
rejection were decreased in CGD-MDSC, consistent with the impaired function of CGD-MDSCs displayed
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on the activation and proliferation of T cells during hyperacute GVHD. These results indicated that ROS
production might play a critical role in the suppressive effect of MDSCs on T cell proliferation and
activation.

WT mice develop hyperacute GVHD with MDSC depletion.

Having shown that the level of ROS in mice after allogeneic transplantation is critical and that MDSCs
with ROS production defect cannot inhibit T cells in vitro, we asked whether the MDSCs in the recipients
are essential for preventing hyperacute GVHD. It has been reported that CD11b+Gr1+ MDSCs in BM,
spleen and blood can be depleted by the use of an anti–Gr1 antibody(17). Accordingly, we injected anti-
Gr1Ab (200ug/kg) into recipient WT mice 3 hours before and every 48 h after allo-HSCT, which reportedly
induces severe granulopenia in mice for 3 to 4 days(16). Recipient WT mice injected with PBS were used
as a control. As shown in Figure S1D, the responses of WT mice with anti-Gr1Ab injection at the early
stage after allogenic transplantation (at day 5) were similar to those of the CGD mice suffering from
hyperacute GVHD (Figure S1C). WT mice with anti-Gr1Ab died within 2 days after the onset of illness, and
signi�cant differences in survival rate between the anti-Gr1Ab and PBS control groups were observed
from day 5 onwards (Figure 6B). In mice with anti-Gr1Ab injection, the size, weight and total cell number
of spleen were signi�cantly elevated (Figure 6C). The percentage and absolute number of donor-derived
CD8+ T cells and CD4+ T cells from BM or spleen of the WT mice after anti-Gr1Ab injection were
signi�cantly higher than those of the WT mice with PBS treatment (Figure 6D, F). Moreover, the activity of
the donor-derived CD8+ T cells and CD4+ T cells was elevated (Figure 6E,G). Together, these results further
suggest that immunosuppressive ROS-producing MDSCs at the early stage of post-transplantation period
serve as an important source to suppress the proliferation and activity of T cells to prevent hyperacute
GVHD.

ROS agonist rescues the hyperacute GVHD phenotype of CGD mice

Because of the ROS production in the CGD mice was defective, we asked whether raising the level of ROS
could rescue the CGD mice from obtaining the hyperacute GVHD phenotype. After daily intraperitoneal
injection of BSO (a GSH biosynthesis inhibitor(13)) from day 0 to day 10, all of the CGD mice with BSO
treatment did not show hyperacute GVHD symptoms at day 3-5 after transplantation, and the conditions
of the mice were similar to those of the WT mice at the end of experimentation (Figure S1G). None of the
CGD mice with BSO died from day 0 to day 10, and signi�cant difference in survival was seen between
BSO-treated CGD mice and those without the treatment (Figure7A-B). Furthermore, BSO treatment caused
the size, weight and total cell number of the spleen to signi�cantly reduce, while the number of donor-
derived CD3+ T cells (both CD8+ T cells and CD4+ T cells) in the BM and spleen was signi�cantly reduced
(Figure 7C). Moreover, the percentage of activated T cells from both BM and spleen of mice after treated
with BSO was signi�cantly lower than that of the control group (Figure 7D-G).

Cytokine Release Syndrome and respiratory failure might play a role in the death of hyperacute GVHD.
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To date, the cause of hyperacute GVHD symptoms remains unknown. It has been hypothesized that the
in�ammatory cytokine storm produced early on after the preparative regimen likely contributes to the
manifestations(2). To identify the cytokine(s) that might induce the occurrence of hyperacute GVHD, we
sacri�ced WT and CGD mice with or without BSO treatment at day 3 after allo-HSCT and analyzed the
production of multiple cytokines associated with T cells using a commercially available ProcartaPlex
Immunoassay Kits. Three independent experiments were conducted. As showing in Table S3, we
identi�ed cytokines that were up-regulated by more than 3 fold in the serum of CGD mice with hyperacute
GVHD when compared with the WT control; they include IL-1β, IL-2, IL-6, IL-13, IL-27, IFN-γ, IL-12p70, GM-
CSF, TNF-α, IL-17A and IL-18. In contrast, daily injection of BSO into CGD mice caused a signi�cant
decrease in the level of the aforementioned cytokines (Figure 8A-B; statistical analyses are shown). 

To determine the death of hyperacute GVHD, we delivered WT and CGD mice sacri�ced at day 3 after
receiving allo-HSCT to histological examinations. Nearly all tissues including heart, liver, intestine, kidney,
etc. of CGD mice suffering hyperacute GVHD were generally normal (data did not shown). However,
different from the lung of WT mice, the histological results of the tissue of CGD mice showed a large
number of in�ammatory cells in�ltration, pulmonary hemorrhage and congestion, and an increased or
retained in�ammatory secretion in the bronchia (Figure 8C). Moreover, total nucleated cell number was
increased in bronchoalveolar �uid of CGD mice (Figure 8D).

Discussion
CD11b+ Gr1+ MDSCs inhibit T cells response and contribute to the prevention of severe GVHD
development after allo-HSCT26-28. These immature myeloid cells release ROS molecules as part of a
major mechanism to exert immunosuppressive functions. In our study, using hyperacute GVHD model in
which myeloid cells are devoid of ROS expression, we demonstrate that ROS scavenging in MDSCs result
in abberant T cell activation and accelerate the process of hyperacute GVHD. This phenotype can be
rescued by ROS agonist, which reminded us targeting MDSC-ROS may provide a potential therapeutic
strategy to hyperacute GVHD.

Mouse models of GVHD have provided important insights into the pathophysiology of this disease, which
have helped to improve the success rate of HSCT in humans. Previous large-scale clinical studies
demonstrated that the incidence of hyperacute GVHD after allo-HSCT is around 9%. However, without an
available animal model, the cause(s) for this complication remain unclear, none of the following factors
including conditioning regimen, multiple chemotherapy regimens prior to transplantation, the source of
stem cells, the amount of mononuclear cells, or the amount of CD34+ cells appears to affect the
frequency of hyperacute GVHD(2, 33, 34). In present study, we pioneering established a stable murine
model of hyperacute GVHD based on NOX2-de�cient mice and we �nd, for the �rst time, that the CGD
mice that are de�cient in ROS production rapidly die of hyperacute GVHD after receiving completely
mismatched allo-HSCT, while the WT mice do not when treated under the same condition. Thus, the
occurrence of hyperacute GVHD may be related to the low ROS level in the recipient. It is clear showed
from our study of mouse model that the pathophysiology with which GVHD develops distinguishes
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hyperacute from typical acute GVHD. This mouse model might also further prove the basic understanding
of the immunological responses involved in hyperacute GVHD pathology, such as antigen recognition
and presentation, the immune reconstitution after transplantation.

It is widely accepted that aGVHD results from the attack of allogeneic donor T cells that are activated by
donor antigen presenting cells within immune organs on multiple host organs(11). Consistent with this
notion, we �nd that the CGD mice of the BM group, TCD group, syn-HSCT group and PBS control group
do not suffer from hyperacute GVHD, while all CGD mice receiving the graft containing allogeneic spleen
T cells fail to survive. In addition, we �nd that, in sharp contrast to those in WT mice, donor-derived allo-
reactive T cells in CGD mice suffering from hyperacute GVHD become massively activated, proliferate
and obtain a stronger killing ability during hyperacute GVHD. It is worth noting that the target cells
used for observing the killing ability of allo-reactive T cells are not the somatic cells in CGD mice, but
instead are leukemia cells expressing H-2Kb, and allo-reactive T cells nevertheless exhibit strong
killing activities toward these cells. It is therefore likely that unlike in typical acute GVHD in which allo-
reactive T cells have speci�c cell types to target, these overreacting allo-reactive T cells can
“indiscriminately �re" on the tissues of hosts. Thus, we speculate that donor-derived T cells in the CGD
mice may obtain a broad spectrum of killing ability, which explains, to some extent, the clinical
manifestation that patients with hyperacute GVHD have rapid and progressive multi-systemic and multi-
organic damage(34).

It has been shown previously that ROS plays an important role in MDSC-mediated suppression of T cell
function. In the absence of ROS production, MDSCs lose the ability to suppress T cell responses(35, 36).
We �nd that after stimulation with fMLP, CD11b+Gr1+ cells from the CGD mice, in which the gp91 subunit
of NADPH oxidase holoenzyme is deleted, cannot produce large amounts of ROS, in keeping with
previously published �ndings(13). We also �nd not surprisingly, the H-2Kb+CD11b+Gr1+ MDSCs of the
CGD mice that receive allo-HSCT three days earlier lose their inhibitory activity toward T cells in vivo and
in vitro, while intraperitoneal injection of BSO may assist the impaired MDSCs in inhibiting allo-reactive T
cells in vivo, and, in turn, rescue the CGD mice from obtaining hyperacute GVHD. Moreover, we
identi�ed the population of recipient-derived CD11b+Gr1+ MDSCs with suppressive ability in normal WT
mice at day 3 after they receive completely matched major histocompatibility antigen transplantation.
Our data are consistent with the hypothesis proposed by Billiau et al that CD11b+ myeloid cells represent
a population of normally occurring cells that can expand after myeloablation and BM
transplantation(18). It has been reported that administration of JAK inhibitors decrease the severity of
aGVHD in mice via reducing numbers of mature neutrophils in the mesenteric lymph nodes and their
MHC-II expression(5). In our study, when MDSCs in the WT mice are depleted via anti–Gr1 antibody
injection, which starts on the day before HCT and continues until day 10 after allo-HSCT, the ability of the
mice to suppress T cell–mediated immune response is largely abolished. Consequently, the WT mice
develop hyperacute GVHD. We imagine that these host myeloid cells with immunosuppressive ability,
albeit in small numbers, play a crucial role, especially, in the early stage of post-transplantation. 
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Although the downstream effector of allo-reactive T cells during hyperacute GVHD is poorly understood,
our results indicate that the allo-reactive T cells get higher activity and cytokine storm might result from
rapid immune activation, similar to the �ndings from chimeric antigen receptor T-cell therapy(37), leading
to respiratory failure and death. It has been reported that hyperacute GVHD is accompanied by increased
serum levels of IL-6 (38), which is also up-regulated by 20-fold in our study. TNF-α, which is also elevated
by 19-fold in our study, and IL-6 can trigger auto-regulation and do so by increasing the gene transcripts
of their own and leading to the net effect of an ampli�ed in�ammatory response. The in�amatory
response, if uncontrolled, can lead to cytokine storm and organ damage(39). In addition, when stimulated
by cytokines produced by allo-reactive T cells and directly contacted with their target cells, macrophages,
monocytes, dendritic cells and natural killer cells can also be activated to release in�ammatory cytokines,
contributing directly or indirectly to the in�ammatory process.

In addition, our �ndings point to a potential novel therapeutic strategy for treating hyperacute GVHD. It
has been shown previously that patients who develop hyperacute GVHD have a much poorer response to
regular therapy, causing the disease to progress severely and rapidly(2, 40). In this study, we applied BSO,
a GSH biosynthesis inhibitor which could augment intracellular ROS concentrations in the cultured
myeloid cells, as a prophylaxis against hyperacute GVHD, which successfully rescues the mice with ROS
defects from death. Based on these �ndings, we envision that close examination of the level of ROS
before and immediately after allogeneic transplantation followed by prophylactic treatment may prove to
be an effective strategy to reduce hyperacute GVHD-related morbidity and mortality. Furthermore,
effective treatment with BSO indicates that there might be ROS production, other than NADPH oxidase-
mediated, in organisms during hyperacute GVHD, which needs further researches.

Moreover, albeit with a relative small number of patients, demonstrate a link between low ROS level in
recipients before transplantation to the development of hyperacute GVHD symptoms such as
unexplained fever, diarrhea and liver dysfunction post-transplantation. Thus, an appropriate level of ROS
might be essential for preventing the development of hyperacute GVHD after allo-HSCT.

Conclusion
In summary, by establishing and using a murine model of hyperacute GVHD we show that allo-reactive T
cells are massively activated and proliferate as a result of defective ROS production from MDSCs and the
inability of MDSCs to inhibit T cell immune reactions. These responses eventually lead to hyperacute
GVHD. Our �ndings provide new insights into the pathogenesis of GVHD and may improve the clinical
management of this lethal complication. 
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Figure 1

Hyperacute GVHD occurs in CGD (C57BL/6-gp91phox-/-) mice at day 3 after allogeneic transplantation.
Schematic representation of the experimental procedure. 9.4 Gy total-body irradiation was used to
condition C57BL/6 (H-2Kb) or gp91phox-/- (B6.129S6-Cybbtm1Din, H-2b) chronic granulomatous disease
(CGD) mice. Age- and gender-matched BALB/c (H-2Kd) or C57BL/6 (H-2Kb) mice were used as donor mice
to establish a completely mismatched (allo-HSCT) or completely matched (syn-HSCT) major
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histocompatibility antigen (MHC) murine model (A). CGD mice receiving allo-HSCT had signi�cantly
shorter survival than mice in the other three groups based on the Kaplan-Meier analysis (B). Clinical
GVHD scores (C) and body weights (D) of CGD and WT mice after allo-HSCT and syn-HSCT. WBC counts
in the PB of CGD and WT after allo-HSCT were shown (E). Pathologic scores (F) and histological changes
in liver (a), intestine (b) and skin(c) of CGD mice after allo-HSCT at day3 (G); of WT mice after allo-HSCT
at day3 (H) and of the WT mice after allo-HSCT at day25 (I) stained with hematoxylin-and-eosin and used
for histological scoring of GVHD in a blinded fashion by three pathologists. Data are expressed as mean
± standard error (SE). *P<0.05;**P<0.01. These results are representative of at least 3 independent
experiments and greater than 5 mice in each group. 

Figure 2

Patients with low ROS level before transplantation are more likely to have hyperacute GVHD symptoms
after transplantation. (A) Scheme of the experimental design. (B) The level of ROS in the peripheral blood
of patients with or without hyperacute GVHD symptoms on the day of allo-HSCT, before donor stem cells
were infused, using the Amplex Red assay. (B) Overall survival of different group. (D-I) Cytokines of serum
from each group. Individual values are shown on graphs. *P<0.05;**P<0.01.
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Figure 3

Donor-derived splenic T cells account for Hyperacute GVHD. (A) Schematic representation of the
experiments of different components of allogeneic cell transplantation. Lethal irradiated CGD or WT mice
of BM group received 1×107 donor bone marrow cells on the day of transplantation. The mice of the PBS
group did not receive any cells but only 400ul PBS during transplantation. The mice of the T cell group
received 5×106 CD3+ T cells sorted from spleens of donors (BALB/c mice) by the use of MACS, and the
mice of the T cell depleted (TCD) group received 5×106 depleted CD3+ T cells sorted from donor spleens
cells. (B) All CGD and WT mice of BM groups survived at the end of observation (day 40). There was
no signi�cant difference in cumulative survival rates between CGD and WT mice of the PBS group. (C)
CGD mice of the T cell group had signi�cantly shorter survival than WT mice (P<0.001). (D) Survival
curves of CGD and WT mice of the TCD group were nearly identical. These results are representative of at
least 3 independent experiments (n = 5 for each group). 
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Figure 4

Elevated activity of allo-reactive T cells during hyperacute GVHD. WT and CGD mice were sacri�ced when
CGD mice suffered from hyperacute GVHD (at day 3 after allo-HSCT). (A)The spleen of CGD mice was
enlarged during hyperacute GVHD. The appearances; the sizes; the weight and the total cell number of
each spleen of the CGD and WT mice. (B-D) The frequencies, absolute number and the percentage of
activated donor-derived (H-2Kd+) CD8+ T, CD4+ T cells and regular T cells (CD4+CD25+FOXP3+ T cells, T
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reg cells) in the BM and spleen of WT mice and CGD mice were measured. (E) H-2Kd+ CD3+ T cells sorted
from spleen of CGD or WT mice that received allo-HSCT 3 days earlier were cocultured with
H2Kb+eGFP+AF9 tumor cells for 18 hours in the live cell station. The frequencies and absolute number of
tumor cells at the end of observation. Dot graph shows GO pathways up and down regulated in
H2Kd+CD8+T cells (F) and H2Kd+CD4+T cells(G) sorted from spleen of CGD or WT mice at day 3 after
allo-HSCT. Dot size relates to the number of differentially expressed genes. Data are expressed as mean ±
standard error (SE). *P<0.05;**P<0.01,*** P <0.001. Gene sets were considered statistically signi�cant at
P-value <0·05.  These results are representative of at least 3 independent experiments with greater than 5
mice in each group.
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Figure 5

MDSCs with ROS de�ciency were unable to suppress T cell immune responses.

A) The frequencies, B) the absolute number and C) the percentage of recipient-derived MDSCs
(CD11b+Gr1+) in the spleen of WT mice and CGD mice were measured during hyperacute GVHD (at day 3
after allo-HSCT). Recipient-derived MDSCs (H-2Kb+CD11b+GR1+ cells) were sorted from BM cells of
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recipient WT or CGD mice at day 3 after allo-HSCT using a BD FACS Aria III �ow sorter. T cells obtained
from spleen of normal mice using CD3 positive bead selection were stimulated with anti-CD3, anti-CD28
antibody and IL-2 for 3 days (positive control), with or without the addition of MDSCs sorted from BM of
WT mice (WT-MDSCs group), or from BM of CGD mice (CGD-MDSCs group). Negative control consisted
of CD3+ T cells only. CFSE proliferation pro�les were analyzed with �ow cytometry (D). The frequencies
and absolute number of CD8+ T cells and CD4+ T cells in all T cells (E,F, H and I, respectively).The
percentage of activated CD8+ T cells and CD4+ T cells (CD62l- CD69+) were measured (G, J). (K) Dot
graph shows KEGG pathways up and down regulated in recipient-derived MDSCs sorted from BM of CGD
or WT mice at day 3 after allo-HSCT. Dot size relates to the number of differentially expressed genes. (L)
Gene pathways that were differentially expressed in CGD-MDSCs and WT-MDSCs according to GSEA.
Data are expressed as mean ± standard error (SE). *P<0.05; **P<0.01; ***P<0.001. These results are
representative of at least 3 independent experiments. Gene sets were considered statistically signi�cant
at P-value <0.05. These results are representative of at least 3 independent experiments with greater than
5 mice in each group. Data were analysed with R3.3.5 software and GSEA.
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Figure 6

WT mice develop hyperacute GVHD with MDSCs depletion. (A) Schematic representation of the
experimental procedure. Lethally irradiated WT (H-2Kb) mice were injected intravenously on day 0 with
BM cells and spleen cells of age- and gender-matched BALB/c (H-2Kd) mice. WT Mice in anti-Gr1Ab group
were injected intraperitoneally with anti-Gr1Ab (200ug/kg) in PBS 3 hours before and every 48 h after allo-
HSCT to deplete MDSCs, while WT Mice in PBS control group were treated with the same volume of PBS
at each time point. WT mice in anti-Gr1Ab group had signi�cantly shorter survival (B). (C) The
appearances, the sizes, the weight and the total cell number of each spleen of the WT mice of two groups
after allo-HSCT at day5. The activity of alloreactive T cells was elevated after intraperitoneal injecting
anti-Gr1Ab. The frequencies and absolute number of donor-derived (H-2Kd+) CD8+ T cells (D) and CD4+ T
cells (F) in the BM and spleen of WT mice in the anti-Gr1Ab group and in the PBS control group were
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measured at day 5 after allo-HSCT. The percentage of CD62L-CD69+ H-2Kd+CD8+ and CD4+ T cells in the
BM and spleen of WT mice in anti-Gr1Ab group were signi�cantly higher than that of control group (E and
G). Data are expressed as mean ± standard error (SE). *P<0.05;**P<0.01,*** P<0.001.These results are
representative of at least 3 independent experiments.

Figure 7

 ROS agonist rescues the hyperacute GVHD phenotype of CGD mice. (A) Schematic representation of the
experimental procedure. Lethally irradiated CGD (gp91phox-/-, H-2Kb) mice were injected intravenously on
day 0 with BM cells and spleen cells of age- and gender-matched BALB/c (H-2Kd) mice. CGD mice in the
BSO group were treated with BSO (10 mg/kg, i.p.) 3 hr before and every morning after allo-HSCT, while
CGD mice in the control group were treated with the same volume of deionized water at each interval.
CGD mice treated with BSO had signi�cantly longer survival (B). (C)The appearances, the sizes , the
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weight and the total cell number of each spleen of the CGD mice of two groups after allo-HSCT at day3
are shown. The activity of alloreactive T cells decreased after intraperitoneal injecting BSO. The
frequencies and absolute number of donor-derived (H-2Kd+) CD8+ T cells and CD4+ T cells (D,F) in the BM
and SP of CGD mice in BSO group and in PBS control group were measured at day 3 after allo-HSCT. The
levels of CD69 and CD62L were analyzed with �ow cytometry for CD8+ T cells and CD4+ T cells (E and G)
of BM and spleen of CGD mice rescued by BSO or not rescued at day 3 after allo-HSCT. Data are
expressed as mean ± standard error (SE). *P<0.05;**P<0.01,*** P<0.001.These results are representative
of at least 3 independent experiments.

Figure 8

Cytokine Release Syndrome might cause the death of CGD mice suffering hyperacute GVHD. WT and
CGD mice treated with or without BSO were sacri�ced at day 3 after allo-HSCT. Cytokine pro�les (A) and
the fold of changes (B) of serum from each group were compared with cytokine arrays as described
(ProcartaPlex Analyst 1.0, USA, ebioscience company). Histological changes of the lung (G) and
nucleated cells content in bronchoalveolar fluid (H) of WT and CGD mice after allo-HSCT at day 3.
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