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Chronic graft-versus-host-disease (cGVHD) is the leading cause of late non-relapse
mortality after allogeneic hematopoietic stem cell transplantation(HSCT). There is no
standard therapy for patients refractory or dependent to corticosteroid treatment. We
hypothesized that hydrogen may exert therapeutic effects on cGVHD patients with few
side effects. A prospective open-label phase 2 study of hydrogen was conducted.
Patients received hydrogen-rich water 4ml/kg orally three times a day. Responses were
graded in the skin, mouth, Gastrointestinal(Gl), liver, eyes, lungs and joints and fascia
every 3 months. A total of 24 patients (median age 27) were enrolled. Of the 24 patients,
18 (75%; 95% ClI, 55.1% to 88%) had an objective response. No significant toxicity was
observed. The estimated 4-year overall survival rate was 74.7%(95% Cl, 54.9%-94.5%).
The survival time was significantly prolonged in the response group. The survival rate at 4
years in the response group is significantly higher than the nonresponse group (86.6% vs
0%; p= 0.000132). Hydrogen showed great efficacy on cGVHD patients and long-term
administration of hydrogen was not associated with significant toxic effects. The trial was
registered at www.ClinicalTrials.Gov, NCT02918188.

Keywords: corticosteroid, hydrogen, graft-versus-host-disease, refractory, chronic graft-versus-host-disease

INTRODUCTION

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) has been widely used in the treatment
of benign and malignant hematopoietic diseases. Chronic graft-versus-host disease (cGVHD) is a very
common complication of allo-HSCT and has become the main cause of non-transplant-related death
after transplantation (1). Among patients who received allo-HSCT, the cumulative incidence of
c¢GVHD requiring treatment within 2 years after transplantation reaches 30%-40%. With the increased
use of allo-HSCT in elderly patients, the widespread use of peripheral blood stem cells as sources and
the improvement of the initial survival rate after transplantation, the incidence of cGVHD is increasing
year by year (2). However, in the past three decades, the first-line treatment of cGVHD still mainly
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depends on corticosteroids (such as prednisone, methylprednisolone,
dexamethasone, etc.). Clinical initial treatment of cGVHD often uses
prednisone with or without cyclosporine or tacrolimus. The initial
dose of prednisone is usually 0.5-1 mg/kg/day, which will be
gradually reduced after the disease is controlled (3, 4). In the
process of glucocorticoid reduction, the symptoms of patients with
c¢GVHD are often aggravated or even relapsed, which leads to the
cessation of glucocorticoid reduction or even increase. The duration
of treatment of cGVHD with glucocorticoids often reaches 3 months
or even longer (5). However, long-term use of glucocorticoids can
lead to serious toxic side effects. In order to minimize the toxic side
effects of long-term use of glucocorticoids, clinicians often use
glucocorticoids in combination with other immunosuppressive
agents to treat cGVHD (6), mainly including calmodulin inhibitors
(such as cyclosporine, tacrolimus), azathioprine, mycophenolate
mofetil (MMF), hydroxychloroquine, etc. However, a number of
clinical trials have confirmed that combining azathioprine (7),
mycophenolate mofetil (5), hydroxychloroquine (8), thalidomide,
etc (9) on the basis of initial treatment did not bring benefits.
Fifty percent to 60% of cGVHD patients treated with first-line
treatment still need to receive second-line treatment (10). At
present, a number of clinical trials on the second-line treatment
of cGVHD has been carried out internationally, but the results are
often not convincing due to flaws in trial design (6). Clearly, there is
an urgent need to find a better treatment for cGVHD (11). In
2007, Ohsawa et al. systematically reported the biological effects of
molecular hydrogen (H,) for the first time (12). Their study found
that H, has a good antioxidant effect. Compared with tacrolimus,
H, has the same therapeutic effect on cerebral ischemia-reperfusion
injury in rats. The researchers also found that, similar to tacrolimus,
H, has a strong anti-inflammatory effect in addition to its
antioxidant effect. Tacrolimus has already become a first-line
treatment for rejection of solid organ transplantation and
c¢GVHD after allo-HSCT. In addition, H, has also been proven to
have a good anti-fibrotic effect. Terasaki Y et al. found in the
mouse models of pulmonary fibrosis post radiation that breathing
air containing 4% H, has a significant therapeutic effect on chronic
pulmonary fibrosis, and can significantly delay the progress of
pulmonary fibrosis (13). Although the current mechanism of
c¢GVHD is not very clear, in the currently recognized pathogenesis
of cGVHD, inflammatory factors imbalance and fibrosis occupy a
dominant position (4, 14). Since H, has anti-inflammatory and anti-
fibrosis effects, we speculate that H, may have potential therapeutic
effects for cGVHD after allo-HSCT. We have proved the its
therapeutic effects in a mouse model preliminary (15). To further
verify the hypothesis, we conducted a multiple center study of
hydrogen in patients with corticosteroid-refractory/dependent
c¢GVHD to look at response rate and to detect any unique toxicities.

SUBJECT AND METHODS
Patient Eligibility

This investigator-initiated study was approved by the ethics
committee of the Sixth Medical Center, Chinese People’s
Liberation Army (PLA) General Hospital, China. All of the

patients or their legal guardians signed informed consent forms
in accordance with the Declaration of Helsinki. This trial has been
registered as NCT02918188 (www.clinicaltrials.gov).

Patients who underwent allogeneic stem cell transplantation
were enrolled. Eligible patients met the following criteria: patients
younger than 65 years diagnosis of steroid-refractory cGVHD (no
response after prednisone at least 1 mg/kg or equivalent dose of
another steroid or another immunosuppressive regimen) or steroid-
dependent cGVHD (had an initial response followed by a cGVHD
flare upon steroid taper). A tissue biopsy before entering the study
with histology consistent with cGVHD was required unless there
was a medical contraindication such as concern for poor wound
healing after the biopsy. Exclusion criteria were: patients with other
stable diseases(not chronic GVHD), not well controlled by the
current treatment; pregnancy; HIV positive; severe liver or renal
impairment: serum creatinine >2.5 mg/dl, serum bilirubin>2.5 mg/
dl (without evidence of hepatic cGVHD); uncontrolled
malignancies including the persistence of the underlying
malignancy before the allogeneic transplantation and the relapse
of hematopoietic malignancy; any other investigational agents
administered within last four weeks; cardiac insufficiency (>grade
I, New York Heart Association classification); inability to comply
with medical therapy or follow-up.

Therapy

Patients included in this study received hydrogen-rich water as
their only new intervention. Hydrogen-rich water (0.8 ppm H,)
was administered orally three times a day at 4 ml/kg. The
hydrogen-rich water (0.8 ppm H,) was supplied by Beijing
Huoliqingyuan Beverage Co., Ltd. (Beijing, China) as
previously described (16). All patients received 12 months of
therapy unless they required earlier removal from the study. It
was recommended that a corticosteroid taper be started between
8 and 12 weeks after initiating hydrogen-rich water. A reduction
of 25% of the initial dose every 2 weeks was the recommended
corticosteroid taper. It was also recommended that if subjects
were receiving a calcineurin inhibitor at the time of study
initiation that they remain on it through the duration of the
study unless there was drug toxicity. All other immunosuppressants
were to be tapered on an individual basis.

Evaluation of Response and Toxicity

Subjects were evaluated at baseline and then every 3 months
using the form according to National Institutes of Health (NIH)
Consensus for cGVHD (17). In each subjects, seven domains
were assessed: mouth, gastrointestinal, lungs, liver, joint, skin,
and ocular. Each domain’s therapeutic response was measured
according to the NIH consensus on response criteria (17). No
response was defined as disease progression, no change, mixed
response (response in 1 or more domains, progress in 1 or more
domains) or initial response followed by disease progression.
Therapeutic response for each subject was followed 12 months
until the completion of the study. Toxicity was assessed every 3
months using Common Toxicity Criteria Version 3.0 according
to the National Cancer Institute Common Toxicity Criteria.
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Removal From Protocol

Patients were removed from the study if cGVHD progressed
after 12 or more weeks of treatment. Patients were also removed
if they were lost to follow-up or if the family withdrew consent.
For subjects that were removed from the study, the last
assessment before removal was used to determine response.
Subjects that were removed are counted as nonresponders.
Two patients were removed from this study both due to loss of
follow-up.

Statistics

The primary statistical endpoint was overall response rate
(defined as complete or partial response). Subjects were
evaluated at baseline and then every 3 months using the form
according to National Institutes of Health (NIH) Consensus for
c¢GVHD (17). Overall response was measured according to the
NIH consensus on response criteria (17). No response was
defined as disease progression, no change, mixed response
(response in 1 or more domains, progress in 1 or more
domains) or initial response followed by disease progression. A
sample size of 17 was calculated according to have 80% power to
detect a response rate of at least 50% (11), compared with a
control response rate of 20%, with 80% power and a type I error
rate of 5%. Although this design required 17 patients, the final
sample size was 24.

A secondary outcome was response rate in each domain
measured in subjects that had had initial involvement in that
domain. In each subjects, seven domains were assessed: mouth,
gastrointestinal, lungs, liver, joint, skin, and ocular. Each
domain’s therapeutic response was measured according to the
NIH consensus on response criteria (17). Response rates were
calculated together with 95% exact binomial confidence intervals.
Descriptive characteristics are shown with percentages or with
medians and ranges, as appropriate. Logistic Regression analysis
was used to determine significance of certain factors such as
history of acute GVHD and severity stage of chronic GVHD on
final response. Time to initial response was analyzed using
cumulative incidence (18). Survival percentages and confidence
intervals were calculated using Kaplan-Meier curves. Curves
were compared using the log-rank test. All analyses were
performed with SAS (SAS Institute) and SPSS.

RESULTS

Patient Characteristics

Twenty-four patients from four different institutions were
enrolled. Two patients were removed from the study because
of loss of follow-up. Patient characteristics at the entry were given
in Table 1. Median age of the patients was 27 years old. Patients
were diagnosed as acute myeloid leukemia/myelodysplasia
(n=12), acute lymphoblastic leukemia(n=10), systemic lupus
erythematosus (n=1) and hemophagocytic lymphohistiocytosis
(n=1). All patients received myeloablative hematopoietic stem
cell transplantation. Subjects had received different donor stem
cell sources: haploidentical bone marrow plus peripheral blood

stem cell (PBSC) (n=13), human leukocyte antigen (HLA)-
identical sibling bone marrow plus PBSC (n=>5), HLA-identical
sibling PBSC (n=3), unrelated donor PBSC (n=1), unrelated cord
blood (n=1), and haploidentical PBSC (n=1).

The chronic GVHD characteristics of the subjects at study
entry are given in Table 2. Median beginning platelet count was
168, and 33.3% of the subjects are with platelet count less than
100x10°/L. 79.2% of the subjects at study entry are on
corticosteroids and median beginning prednisone dose was
0.21 mg/kg/day. 66.7% of the subjects had a history of acute
GVHD. 79.2% had severe chronic GVHD according to the NITH
global severity stage (17). The Karnofsky performance scale
(KPS) of 10 subjects is no greater than 80.

Response

At the entry of the study, skin was the most involved (75.0%),
followed by the gastrointestinal tract (70.8%), while liver is the
least involved organ(8.3%). 66.7% of patients had clinical
manifestations of ¢cGVHD in mouth, 63% of patients
manifestated in the eyes, 33.3% in lungs, and 29.2% in joints
and fascia. Overall, of the 24 patients, 18 (75.0%; 95% CI, 55.1%
to 88%) had an objective response to hydrogen therapy at the last
evaluation. Eight patients had complete response, 10 had partial
response, five had disease progression, and one had stable
disease. Of the 18 patients who responded to treatment, 15 had
a response at 30 days of treatment, two at 90 days, one at 180

TABLE 1 | Patient characteristics at study entry (N=24).

Values Responders Non-
responders
Median Age, y(range)* 27(9- 27(9-54) 32.5(21-37)
54)

Gender”

Male, n (%) 12 10(55.6) 2(33.3)
(50.0)

Female, n (%) 12 8(44.4) 4(66.7)
(50.0)

Diagnoses*

Acute myeloid leukemia/ 12 9(50.0) 3(50.0)

myelodysplasia, n (%) (50.0)

Acute lymphoblastic leukemia, n (%) 10 7(38.9) 3(50.0)
41.7)

Systemic lupus erythematosus, n (%) 14.2) 1(5.6) 0

Hemophagocytic lymphohistiocytosis, n = 1 (4.2) 1(5.6) 0

(%)

Transplantation regimen*

Myeloablative, n (%) 24 18(100) 6 (100)
(100)

Stem cell Source*

Haploidentical bone marrow + PBSC, n 13 10(55.6) 3(50.0)

(%) (54.2)

HLA-identical sibling bone marrow + 5 3(16.7) 2(33.3)

PBSC, n(%) (20.8)

HLA-identical sibling PBSC, n(%) 3 2(11.1) 1(16.7)
(12.5)

Unrelated donor PBSC, n(%) 14.2) 5.6) 0

Unrelated cord blood, n(%) 14.2 1(5.6) 0

Haploidentical PBSC, n(%) 14.2) 5.6) 0

HLA, human leukocyte antigen; PBSC, peripheral blood stem cell. The responders
compared with non-responders *P > 0.05.
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TABLE 2 | Chronic GVHD characteristics at study entry.

Values Responders Non-responders

Median beginning platelet count, 10%L (range) * 168(31-428) 182.5(31-428) 142.5 (33-175)
Median beginning prednisone dose, mg/kg/d (range) * 0.21(0-0.81) 0.185(0-0.81) 0.27(0-0.48)
Subjects on corticosteroids at study entry, n (%)* 19(79.2) 14(77.8) 5(83.3)
Subjects with platelet count less than 100x10%L, n (%)* 8(33.3) 6(33.3) 2(33.3)
Performance score no greater than 80, n (%) 10(41.7) 7(38.9) 3(50.0)
History of acute GVHD, n (%)* 16 (66.7) 11(61.1) 5(83.3)
Severe chronic GVHD (NIH global severity stage), n (%)* 19 (79.2) 14(77.8) 5(83.3)

GVHD, graft-versus-host disease; NIH, National Institutes of Health. The responders compared with non-responders *P > 0.05.

days. All these 18 patients had sustained response at last
evaluation. The median time to response was 30 days (range,
30 to 180 days).

Of the 24 patients enrolled, 18 patients received therapy for 12
months. Two patients were removed from the study both due to
loss of follow-up. Four patients died within 12 months. Of the 18
patients who received therapy for 12 months, eight had complete
response, nine had partial response, and one had disease
progression. The percentage of patients who received 12
months of therapy and had a response was 17/24 (70.8%; 95%
CI, 50.8% to 85.1%).

Among the 16 patients with cGVHD affecting the oral cavity, 10
patients had complete remission and three patients had partial
remission. The response rate was 81.25% (95% CI, 57.0%-93.4%).
Of the 17 patients with cGVHD affecting gastrointestinal tract, 13
had complete remission and one had partial remission. The
response rate was 82.35% (95% CI, 59.0%-93.8%). The detailed
response rates in the various organs are listed in Table 3. Among
them, the response rate of lung is the lowest, 50% (95% CI, 21.5%-
78.5%), and the response rate of liver is the highest, 100% (34.2%-
100%). Detailed grades of the cGVHD per organ at study entry and
one year after or last assessment for each patient is showed in Table
4. We also used the Karnofsky performance scale (KPS) as an
indicator of the patient’s quality of life. Our study found that among
patients who continued to drink hydrogen-rich water for more than
12 months, KPS has been improved (p=0.034).

We also evaluated whether hydrogen therapy had a
corticosteroid sparing effect in patients who responded. The
median beginning prednisone dose in the response group was
0.185 mg/kg/day (0-0.81 mg/kg/day) while the median end
prednisone dose was 0 mg/kg/day (0-0.59 mg/kg/day;
P=0.004) (Figure 1). In the six patients who did not respond
to hydrogen therapy, the median beginning prednisone dose in
the non-response group was 0.27mg/kg/day (0-0.48 mg/kg/day)

while the median end prednisone dose was 0.05 mg/kg/day (0-
0.27 mg/kg/day). The change in non-response group was not
statistically significant (P =0.115). Besides, as shown in Table 5,
there were 13 patients taking immunosuppressive drugs at the
entry and one year after study entry among the 18 patients who
reached this time point.

Toxicity and Mortality

None of the enrolled patients were removed from the study due
to toxicity. No obvious toxicity and side effects were seen in 24
enrolled patients. Only three patients had transient hiccups.
Three patients died during treatment, one case was due to a
serious fungal infection. One-year survival rate of the entire
cohort was 81.5% (95% CI, 65.0%-98.0%). The 4-year projected
survival rate of the entire cohort was 74.7% (95% CI, 54.9%—
94.5%).The 4-year projected survival rate was 86.6%(95% CI,
69.0%-100%) among patients who responded to treatment,
which was significantly higher than that in the group did not
respond to treatment(p= 0.000132), as shown in Figure 2. The
median follow-up time was 38.5 months (range, 3-51 months).

DISCUSSION

In this study, we evaluated the response rate and toxicity of
molecular hydrogen on patients with chronic GVHD who are
corticosteroid-refractory/dependent. The study found a greater
than 50% response rate, which reached its primary endpoint.
Results of the study are encouraging, mainly due to the
following points: Firstly. It has been confirmed that molecular
hydrogen has a good response rate in chronic graft-versus-host
patients, and the overall response rate can reach 74.7%. However,
the response rate reported in the previous literature fluctuated
between 40% and 60% (11, 19). Secondly, Hydrogen is not toxic.

TABLE 3 | Response by domain (N=24).

Involved, n (%) Complete Response, n (%) Partial Response, n (%) Stable, n (%) Progression, n (%) Response rate, % (95% CI)*

Mouth 16 (66.7) 10(62.5) 3(18.8) 1(6.3) 2(12.5) 81.25(57.0-93.4)
Gastrointestinal 17 (70.8) 13(76.5) 1(5.9) 00) 3(17.6) 82.4(59.0-93.8)
Lung 8(33.3) 4(50.0) 2(25.0) 2(25.0) 50.0(21.5-78.5)
Liver 2(8.3) 1(50) 00) 000) 100(34.2-100)

Skin 18 (75.0) 11(61.1) 1(5.6) 2(11.1) 4(22.2) 66.7(43.8-83.7)
Ocular 17 (63.0) 9(52.9) 2(11.8) 3(17.6) 3(17.6) 64.7(41.3-82.7)
Joints and fascia 7 (29.2) 5(71.4) 1(14.3) 1(14.3) 71.4(35.9-91.8)

Cl, confidence interval. *Response rate included CR + PR.
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TABLE 4 | Severity score of chronic graft-versus-host-disease (CGVHD) per organ at study entry and one year after or last assessment.

Patient Mouth Mouth at one Gastrointestinal Gastrointestinal Lung Lungatone Liver Liveratone Skin Skinatone Ocular Ocular atone Jointsand Joints and fascia
number at the year or last at the entry atoneyearorlast atthe yearorlast atthe yearorlast atthe yearorlast atthe year or last fascia at at one year or last
entry assessment assessment entry assessment entry assessment entry assessment entry assessment  the entry assessment
1 3 2 2 0 0 0 0 0 2 0 1 0 0 0
2 0 0 0 0 0 0 0 0 3 0 0 0 0 0
3 0 0 0 0 2 2 0 0 0 0 2 0 0 0
4 2 2 3 0 2 0 0 0 0 0 0 0 1 0
5 3 2 2 0 0 0 0 0 0 0 1 0 2 0
6 2 0 1 0 2 0 0 0 3 0 3 3 0 0
7 1 0 1 0 0 0 0 0 2 0 1 0 0 0
8 1 0 1 0 0 0 0 0 3 0 3 0 0 0
9 1 0 1 2 0 0 0 0 2 1 0 0 1 1
10 3 2 1 0 0 0 0 0 0 2 2 2 0 0
iRl 3 0 3 0 0 3 0 0 3 0 1 0 0 0
12 2 0 0 0 0 0 0 0 3 0 1 0 0 0
13 0 0 1 0 0 0 0 0 1 0 0 0 0 0
14 3 0 2 0 1 0 0 0 3 0 3 2 1 0
15 3 0 1 0 0 0 0 0 0 0 1 0 0 0
16 0 0 1 0 0 0 0 0 2 0 0 0 1 0
17 0 0 3 2 0 0 3 0 0 0 0 0 0 0
18 2 0 0 0 2 3 0 0 1 1 2 2 0 0
19 0 0 0 0 2 0 2 1 0 0 0 0 0 0
20 2 0 0 0 0 0 0 0 3 3 3 1 0 0
21 0 0 1 0 1 1 0 0 1 0 2 0 1 0
22 3 3 2 3 0 0 0 0 3 3 3 3 1 3
23 2 3 1 3 0 0 0 0 3 3 1 3 0 0
24 0 0 0 0 0 0 0 0 3 3 3 3 0 0
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FIGURE 1 | The course of the prednisone doses for all 24 patients. The median beginning prednisone dose in the response group was 0.185 mg/kg/d (0-0.81mg/
kg/d) while the median end prednisone dose was 0 mg/kg/d (0-0.59mg/kg/d; P=0.004).

TABLE 5 | Immunosuppressive drugs taken at the entry and one year after
study entry for subjects reached this time point.

Patients At entry One year after study entry
1 Prednisone Prednisone

2 Prednisone + CSA FK506

3 None None

4 Prednisone + CSA MMF

5 Prednisone + CSA CSA

6 Prednisone + FK506 Prednisone + FK506
7 FK506 FK506

8 Prednisone + CSA Prednisone

9 Prednisone + FK506 \

10 Prednisone + FK506 \

iR Prednisone + CSA Prednisone + FK506
12 Prednisone + FK506 None

13 Prednisone + FK506 MMF + FK506

14 Prednisone + FK506 Prednisone

15 Prednisone + CSA None

16 Prednisone None

17 None \

18 Prednisone + FK506 Prednisone + FK506
19 Prednisone + FK506 Prednisone + FK506
20 Azathioprine + MTX + MMF None

21 Prednisone + FK506 Prednisone + FK506
22 Prednisone + CSA + MMF \

23 Prednisone + CSA + MMF \

24 None \

FK506, Tacrolimus; MMF, Mycophenolate Mofetil; CSA, Cyclosporine A

Treating chronic GVHD with immunosuppressive agents can
increase the risk of infection. However, in polymicrobial sepsis
models, molecular hydrogen has been proved to have anti-
infective effects but not increasing the risk of infection (20-22),
which is different from immunosuppressive agents. In our study,
only three patients experienced transient hiccups and no other

side effects. Hydrogen and helium mixed gas has been used in
diving for a long time, and divers have no obvious adverse
reactions even when breathing high-pressure hydrogen (23).
Besides, bacteria in the colon of humans and animals can also
produce a certain level of H, (12). These all indicate that H, has
no toxic side effects on the human body. Moreover, H, in the
body can be discharged through the respiratory system without
any residue. This characteristic determines that H, can be used
for a long time, and this characteristic can precisely target the
long-term, repeated and protracted disease characteristics of
cGVHD. It was found in the study that the median response
time is 30 days, and the response rate gradually increases with the
extension of the treatment time. The study was designed to
administer hydrogen continuously for 1 year. We believe that if
the administration time is extended, the overall response rate will
still rise. Thirdly, the hydrogen molecule is very small, has a
strong penetration ability, can quickly penetrate the biofilm, and
reach a higher concentration in the cell to play a therapeutic role
(24). Finally, H, is cheap and easy to obtain. H, is widely
distributed in nature, and the industrial preparation technology
is very mature and the price is very low. A considerable part of
the existing cGVHD drugs (such as tacrolimus, Ixazomib (25),
ibutinib (26, 27), ruxolitinib (28), etc.) are very expensive,
making many families poorer due to illness.

In our study, we can see that the response rate of the digestive
system is higher, the response rate of the oral cavity can reach
81.25%, and the response rate of the gastrointestinal tract can
reach 82.4%. Both patients with liver involvement have obtained
a response. We considered that the overall repoonse rate is
higher because the hydrogen-rich water can directly act on the
digestive system due to the higher hydrogen concentration in the
digestive system. Therefore, we speculate that patients with lung
involvement can use the method of breathing hydrogen, patients
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FIGURE 2 | Individual survival curves shown for subjects that had response compared with those that did not. The 4-year projected survival rate was 86.6% (95%
Cl, 69.0%-100%) among patients who responded to treatment, which was significantly higher than that in the group did not respond to treatment (p= 0.000132).

with eye involvement can use hydrogen-rich eye drops, and
patients with skin involvement can use hydrogen-rich water to
wash, which may achieve better treatment results.

Although the long-term outcome is not a primary endpoint of
the study, our research indicates that the 4-year projected overall
survival rate of 74.7% is encouraging. Recently, the number of
studies on chronic GVHD have gradually increased (19, 25, 29,
30), but few publications report the long-term survival rate of
corticosteroid-refractory/dependent cGVHD. In a newly
diagnosed children study, the 3-year survival rate is
approximately 70% (31). In a corticosteroid-refractory cGVHD
study, the 3-year survival rate is approximately 60% (11).
Therefore, in our study, the four-year survival rate of 74.7% is
very exciting. Compared with the group that did not respond to
H,, the survival rate of patients who responded to hydrogen
treatment was significantly improved. Therefore, we can use the
response to hydrogen therapy as a potential prognostic indicator.
In our study, all patients in the group that did not respond to
hydrogen therapy died within 1 year, which may be due to the
seriousness of the conditions of the enrolled patients, because
patients with severe cGVHD accounted for nearly 80% at entry
of study.

In conclusion, this study for the first time suggested
effectiveness of hydrogen therapy in patients with
corticosteroid-refractory/dependent cGVHD compared to
historical controls. The overall response rate can reach 75%,
with almost no toxic side effects, which can precisely target the
disease characteristics of cGVHD. Its long-term survival rate is
encouraging. We strongly support the future multi-institutional
research in the world. Whether molecular hydrogen can be used
as the first-line treatment of cGVHD still requires further
clinical trials.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the ethics committee of the Sixth Medical Center,
Chinese PLA General Hospital, China. Written informed
consent to participate in this study was provided by the
participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

LQ and ML designed the experiment, analyzed data, and wrote
the paper. JS, JC, and DZ performed the experiments and
analyzed data. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by a grant from the National Natural
Science Foundation of China (Grant No. 81800180).

ACKNOWLEDGMENTS

We thank Beijing Huoligingyuan Beverage Co., Ltd for providing
hydrogen-rich water.

Frontiers in Immunology | www.frontiersin.org

November 2020 | Volume 11 | Article 598359


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Qian et al.

Hydrogen in Corticosteroid-Refractory/Dependent cGVHD

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

Martin PJ, Counts GWJr., Appelbaum FR, Lee S], Sanders JE, Deeg HJ, et al.
Life expectancy in patients surviving more than 5 years after hematopoietic
cell transplantation. J Clin Oncol (2010) 28:1011-6. doi: 10.1200/
JC0.2009.25.6693

. Anasetti C, Logan BR, Lee SJ, Waller EK, Weisdorf DJ, Wingard JR, et al.

Peripheral-blood stem cells versus bone marrow from unrelated donors. N
Engl ] Med (2012) 367:1487-96. doi: 10.1056/NEJMoal203517

. Flowers ME, Martin PJ. How we treat chronic graft-versus-host disease. Blood

(2015) 125:606-15. doi: 10.1182/blood-2014-08-551994

. Xu KL. [How I treat chronic graft-versus-host disease]. Zhonghua Xue Ye Xue

Za Zhi (2018) 39:89-93. doi: 10.3760/cma.j.issn.0253-2727.2018.02.001

. Martin PJ, Storer BE, Rowley SD, Flowers ME, Lee SJ, Carpenter PA, et al.

Evaluation of mycophenolate mofetil for initial treatment of chronic graft-versus-
host disease. Blood (2009) 113:5074-82. doi: 10.1182/blood-2009-02-202937

. Martin PJ, Inamoto Y, Carpenter PA, Lee SJ, Flowers ME. Treatment of

chronic graft-versus-host disease: Past, present and future. Korean ] Hematol
(2011) 46:153-63. doi: 10.5045/kjh.2011.46.3.153

. Sullivan KM, Witherspoon RP, Storb R, Weiden P, Flournoy N, Dahlberg S,

et al. Prednisone and azathioprine compared with prednisone and placebo for
treatment of chronic graft-v-host disease: prognostic influence of prolonged
thrombocytopenia after allogeneic marrow transplantation. Blood (1988)
72:546-54. doi: 10.1182/blood.V72.2.546.bloodjournal722546

. Gilman AL, Schultz KR, Goldman FD, Sale GE, Krailo MD, Chen Z, et al.

Randomized trial of hydroxychloroquine for newly diagnosed chronic graft-
versus-host disease in children: a Children’s Oncology Group study. Biol
Blood Marrow Transplant (2012) 18:84-91. doi: 10.1016/j.bbmt.2011.05.016

. Flowers ME, Martin PJ. Evaluation of thalidomide for treatment or

prevention of chronic graft-versus-host disease. Leuk Lymphoma (2003)
44:1141-6. doi: 10.1080/1042819031000079096

Inamoto Y, Flowers ME, Sandmaier BM, Aki SZ, Carpenter PA, Lee S, et al.
Failure-free survival after initial systemic treatment of chronic graft-versus-
host disease. Blood (2014) 124:1363-71. doi: 10.1182/blood-2014-03-563544

Jacobsohn DA, Gilman AL, Rademaker A, Browning B, Grimley M, Lehmann L,
et al. Evaluation of pentostatin in corticosteroid-refractory chronic graft-versus-
host disease in children: a Pediatric Blood and Marrow Transplant Consortium
study. Blood (2009) 114:4354-60. doi: 10.1182/blood-2009-05-224840

Ohsawa I, Ishikawa M, Takahashi K, Watanabe M, Nishimaki K, Yamagata K,
et al. Hydrogen acts as a therapeutic antioxidant by selectively reducing
cytotoxic oxygen radicals. Nat Med (2007) 13:688-94. doi: 10.1038/nm1577

Terasaki Y, Ohsawa I, Terasaki M, Takahashi M, Kunugi S, Dedong K, et al.
Hydrogen therapy attenuates irradiation-induced lung damage by reducing
oxidative stress. Am J Physiol Lung Cell Mol Physiol (2011) 301:1L415-26. doi:
10.1152/ajplung.00008.2011

Sarantopoulos S, Cardones AR, Sullivan KM. How I treat refractory chronic
graft-versus-host disease. Blood (2019) 133:1191-200. doi: 10.1182/blood-
2018-04-785899

Qian L, Liu X, Shen J, Zhao D, Yin W. Therapeutic effects of hydrogen on
chronic graft-versus-host disease. J Cell Mol Med (2017) 21:2627-30. doi:
10.1111/jemm.13155

Zhang Y, Su WJ, Chen Y, Wu TY, Gong H, Shen XL, et al. Effects of hydrogen-
rich water on depressive-like behavior in mice. Sci Rep (2016) 6:23742. doi:
10.1038/srep23742

Lee SJ, Wolff D, Kitko C, Koreth J, Inamoto Y, Jagasia M, et al. Measuring
therapeutic response in chronic graft-versus-host disease. National Institutes
of Health consensus development project on criteria for clinical trials in
chronic graft-versus-host disease: IV. The 2014 Response Criteria Working
Group report. Biol Blood Marrow Transplant (2015) 21:984-99. doi: 10.1016/
j.bbmt.2015.02.025

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Gooley TA, Leisenring W, Crowley J, Storer BE. Estimation of failure
probabilities in the presence of competing risks: new representations of old
estimators. Stat Med (1999) 18:695-706. doi: 10.1002/(SICI)1097-0258
(19990330)18:6<695::AID-SIM60>3.0.CO;2-O

Shapiro RM, Antin JH. Therapeutic options for steroid-refractory acute and
chronic GVHD: an evolving landscape. Expert Rev Hematol (2020) 13:519-32.
doi: 10.1080/17474086.2020.1752175

Li GM, Ji MH, Sun XJ, Zeng QT, Tian M, Fan YX, et al. Effects of hydrogen-
rich saline treatment on polymicrobial sepsis. J Surg Res (2013) 181:279-86.
doi: 10.1016/j.js5.2012.06.058

Yao W, Guo A, Han X, Wu S, Chen C, Luo C, et al. Aerosol inhalation of a
hydrogen-rich solution restored septic renal function. Aging (Albany NY)
(2019) 11:12097-113. doi: 10.18632/aging.102542

Qiu P, Liu Y, Zhang J. Recent Advances in Studies of Molecular Hydrogen
against Sepsis. Int ] Biol Sci (2019) 15:1261-75. doi: 10.7150/ijbs.30741
Abraini JH, Gardette-Chauffour MC, Martinez E, Rostain JC, Lemaire C.
Psychophysiological reactions in humans during an open sea dive to 500 m
with a hydrogen-helium-oxygen mixture. /] Appl Physiol (1994) 76:1113-8.
doi: 10.1152/jappl.1994.76.3.1113

Qian L, Wu Z, Cen J, Pasca S, Tomuleasa C. Medical Application of Hydrogen
in Hematological Diseases. Oxid Med Cell Longev (2019) 2019:3917393. doi:
10.1155/2019/3917393

Pidala J, Bhatt VR, Hamilton B, Pusic I, Wood WA, Onstad L, et al. Ixazomib
for Treatment of Refractory Chronic Graft- versus-Host Disease: A Chronic
GVHD Consortium Phase II Trial. Biol Blood Marrow Transplant (2020) 26
(9):1612-9. doi: 10.1016/j.bbmt.2020.05.015

Waller EK, Miklos D, Cutler C, Arora M, Jagasia MH, Pusic I, et al. Ibrutinib
for Chronic Graft-versus-Host Disease After Failure of Prior Therapy: 1-Year
Update of a Phase 1b/2 Study. Biol Blood Marrow Transplant (2019) 25:2002—
7. doi: 10.1016/.bbmt.2019.06.023

Miklos D, Cutler CS, Arora M, Waller EK, Jagasia M, Pusic I, et al. Ibrutinib
for chronic graft-versus-host disease after failure of prior therapy. Blood
(2017) 130:2243-50. doi: 10.1182/blood-2017-07-793786

Schoettler M, Duncan C, Lehmann L, Furutani E, Subramaniam M,
Margossian S. Ruxolitinib is an effective steroid sparing agent in children
with steroid refractory/dependent bronchiolitis obliterans syndrome after
allogenic hematopoietic cell transplantation. Bone Marrow Transplant
(2019) 54:1158-60. doi: 10.1038/s41409-019-0450-3

Pidala J, Jaglowski S, Im A, Chen G, Onstad L, Storer B, et al. Carfilzomib for
Treatment of Refractory Chronic Graft-versus-Host Disease: A Chronic
GVHD Consortium Pilot Phase II Trial. Biol Blood Marrow Transplant
(2020) 26:278-84. doi: 10.1016/j.bbmt.2019.09.002

Boberg E, von Bahr L, Afram G, Lindstrom C, Ljungman P, Heldring N, et al.
Treatment of chronic GVHD with mesenchymal stromal cells induces durable
responses: A phase II study. Stem Cells Trans Med (2020) 9(10):1190-202.
doi: 10.1002/sctm.20-0099

Zecca M, Prete A, Rondelli R, Lanino E, Balduzzi A, Messina C, et al. Chronic
graft-versus-host disease in children: incidence, risk factors, and impact on
outcome. Blood (2002) 100:1192-200. doi: 10.1182/blood-2001-11-0059

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Qian, Liu, Shen, Cen and Zhao. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

November 2020 | Volume 11 | Article 598359


https://doi.org/10.1200/JCO.2009.25.6693
https://doi.org/10.1200/JCO.2009.25.6693
https://doi.org/10.1056/NEJMoa1203517
https://doi.org/10.1182/blood-2014-08-551994
https://doi.org/10.3760/cma.j.issn.0253-2727.2018.02.001
https://doi.org/10.1182/blood-2009-02-202937
https://doi.org/10.5045/kjh.2011.46.3.153
https://doi.org/10.1182/blood.V72.2.546.bloodjournal722546
https://doi.org/10.1016/j.bbmt.2011.05.016
https://doi.org/10.1080/1042819031000079096
https://doi.org/10.1182/blood-2014-03-563544
https://doi.org/10.1182/blood-2009-05-224840
https://doi.org/10.1038/nm1577
https://doi.org/10.1152/ajplung.00008.2011
https://doi.org/10.1182/blood-2018-04-785899
https://doi.org/10.1182/blood-2018-04-785899
https://doi.org/10.1111/jcmm.13155
https://doi.org/10.1038/srep23742
https://doi.org/10.1016/j.bbmt.2015.02.025
https://doi.org/10.1016/j.bbmt.2015.02.025
https://doi.org/10.1002/(SICI)1097-0258(19990330)18:63.0.CO;2-O
https://doi.org/10.1002/(SICI)1097-0258(19990330)18:63.0.CO;2-O
https://doi.org/10.1080/17474086.2020.1752175
https://doi.org/10.1016/j.jss.2012.06.058
https://doi.org/10.18632/aging.102542
https://doi.org/10.7150/ijbs.30741
https://doi.org/10.1152/jappl.1994.76.3.1113
https://doi.org/10.1155/2019/3917393
https://doi.org/10.1016/j.bbmt.2020.05.015
https://doi.org/10.1016/j.bbmt.2019.06.023
https://doi.org/10.1182/blood-2017-07-793786
https://doi.org/10.1038/s41409-019-0450-3
https://doi.org/10.1016/j.bbmt.2019.09.002
https://doi.org/10.1002/sctm.20-0099
https://doi.org/10.1182/blood-2001-11-0059
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Hydrogen in Patients With Corticosteroid-Refractory/Dependent Chronic Graft-Versus-Host-Disease: A Single-Arm, Multicenter, Open-Label, Phase 2 Trial
	Introduction
	Subject and Methods
	Patient Eligibility
	Therapy
	Evaluation of Response and Toxicity
	Removal From Protocol
	Statistics

	Results
	Patient Characteristics
	Response
	Toxicity and Mortality

	Discussion
	Data Availability Statement
	Ethics Statement
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


