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Background: Hydrogen therapy has been reported to convert exhausted programmed cell
death receptor (PD-1)+CD8+ T cells to PD-1-CD8+ T cells, in advanced colorectal cancer
patients, which is associated with significantly prolonged survival.

Case presentation: A 72-year-old female patient presented with metastatic gallbladder
cancer and underwent symptomatic treatment combined with hydrogen therapy. The tumors
were initially enlarged and displayed increased tumor marker expression following hydrogen
inhalation therapy, after which they continued to remit, similar to the pseudo-progression that
occurs after anti-PD-1 treatment. During one month of hydrogen therapy, the patient’s
gallbladder and liver tumors continued to progress, and intestinal obstruction occurred.
The intestinal obstruction was gradually relieved after symptomatic treatment, and the
metastases in the abdominal cavity gradually decreased in size, anemia and hypoalbumine-
mia were corrected, and both the lymphocyte and tumor marker levels returned to normal.
The patient was able to resume normal life two and a half months after hydrogen inhalation
and survived over 10 months.

Conclusion: This is the first report of pseudo-progression followed by sustained remission
after hydrogen inhalation. This phenomenon is similar to the pseudo-progression-remission
pattern that occurs following PD-1 antibody treatment. These findings suggest that hydrogen
may have an inhibitory effect on PD-1 expression.

Keywords: hydrogen gas, metastatic gallbladder cancer, pseudo-progression, programmed
cell death receptor-1

Introduction

Hydrogen gas is a type of “physiological gas” that is continuously produced by
human intestinal bacteria,l’2 and has been confirmed to have selective antioxidant
and anti-inflammatory effects.> Several studies have shown that hydrogen can
inhibit the formation, migration, and invasion of cancer cells through its anti-
oxidative effects.* ® Due to technical challenges, the ability of hydrogen to directly
kill cancer cells in vivo or lead to tumor shrinkage has been difficult to confirm. In
2019, Akagi et al first reported a long-term follow-up study involving 55 partici-
pants and found that continued hydrogen inhalation reversed the exhausted status of
PD-1+CD8+ T cells to a CD8+PD-1- phenotype, and could extend the survival time
from 18 to 46 months.” To study the effect of hydrogen therapy on ovarian cancer,
we report a case for whom the disease first worsened and then continued to improve
along with changes in CD8+ T cell immune functionality.
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Case Presentation
A 72-year-old female patient developed a gallbladder tumor
in December 2017 due to pain in the right upper quadrant.
The biopsy showed poorly differentiated adenocarcinoma.
She was diagnosed as stage IIIA gallbladder carcinoma
(T3N1MO) bacause of lymph node metastases at hepatic
hilar and pancreatic head by positron emission tomography
(PET) scan. Since the patient had been previously diag-
nosed with rheumatic heart disease and diabetes, irreversi-
ble electroporation ablation was performed. The patient’s
abdominal pain was relieved after ablation and she then
received oral tegafur (a fluoropyrimidine derivative) che-
motherapy. In September 2018, the patient developed
severe pain in her upper right abdomen, with vomiting
associated with the inability to eat, and a subsequent rapid
reduction in body weight. After being admitted to our
hospital, the patient was diagnosed with heart failure
(class IV heart function), severe anemia, and hypoproteine-
mia. A computed tomography (CT) examination revealed
gallbladder tumors (6.3 x 4.9 cm), multiple spotted high-
density lesions in the liver parenchyma, tumor invasion of
the duodenum, accompanied by gallbladder-duodenal des-
cending fistula, multiple enlarged lymph nodes around the
pancreatic head (maximum 2.7 X 2.1 cm), and compression
of the inferior vena cava. Moreover, the gallbladder cancer
had progressed to stage IV (T4N1aMO0). On the second day
after admission, the patient entered the Intensive Care Unit
and received both symptomatic and systemic supportive
treatments, including parenteral nutrition, an infusion of
albumin, red blood cells, insulin, cardiotonic diuretics, and
antibiotics, as well as gastrointestinal catheter drainage.
This patient was enrolled in a hydrogen therapy clinical
trial (NCT03818347) on October 24, 2018. The inhalation of
hydrogen gas via a hydrogen oxygen atomizer (AMS-H-03,
Asclepius Meditec, Shanghai, China) was initiated simulta-
neously with symptomatic treatments. Initially, the patient
underwent hydrogen inhalation for 2 h/day (3 L/min), and
was gradually increased to 6 h/day. In addition to continuing
to administer the above symptomatic and systemic suppor-
tive treatments, no routine anti-cancer therapy was provided.
Post-treatment evaluations included: 1) adverse reactions:
referred to in the Common Terminology Standard Version
5.0 (CTCAE 5.0). Adverse events were classified and scored
weekly after treatment initiation. Laboratory indicators
included peripheral blood cell subsets, serum alanine amino-
transferase (ALT), aspartate aminotransferase (AST), total
bilirubin (TB), and gamma-glutamyl transpeptidase (GGT),

and expression of tumor markers; 2) clinical symptoms and
PS scores; 3) imaging changes: the tumor response was
measured using computed tomography (CT) according to
the RECIST 1.1 guidelines, and the tumor response was
classified as complete remission (CR), partial remission
(PR), stable disease (SD), or progressive disease (PD).
Following hydrogen inhalation, the patient’s daily agita-
tion gradually decreased and disappeared completely after
two weeks. In addition, the patient’s sleep time was
extended from 4-5 h/day to 8—10 h/day within two weeks.
No adverse reactions related to hydrogen inhalation were
observed during the first three months. The patient’s upper
abdominal pain persisted, requiring the daily use of analge-
sics prior to hydrogen treatment; however, after two weeks
of hydrogen inhalation, the pain gradually decreased and
painkillers were no longer required. The PS score gradually
decreased from 4 points prior to hydrogen treatment to 1
point after two and a half months. By the end of April 2019,
the patient had a PS score of 0 and had resumed normal diet
and activity. The disease has been continuously relieved for
10 months and has exhibited increased improvement.
During the entire period of hydrogen treatment, serum
levels of ALT, AST, TB, and GGT exhibited no abnormal-
ities; the red blood cell count and hemoglobin levels stopped
decreasing; and the interval between blood transfusions was
extended from one week before hydrogen inhalation to two
weeks. Moreover, these two indexes began to increase con-
tinuously one month later (Figure 1A), and the blood transfu-
sion was completely stopped after two months. The level of
serum total protein and albumin began to rise after supportive
treatments and continued to increase after hydrogen inhala-
tion, reaching a normal range after two and a half months, at
which time, supplements longer required
(Figure 1B). In the two weeks before hydrogen treatment,
the peripheral blood leukocyte count was significantly

were no

increased due to the intestinal fistula. The leukocyte count
decreased to the upper limit of the reference range after
antibiotic treatment and continued to decrease after hydrogen
inhalation, falling to normal levels after 1.5 months
(Figure 1C left). The total number of lymphocytes was low
at the time of admission, and the number began to rebound
after one and a half months of hydrogen inhalation, returning
to normal after two and a half months (Figure 1C right).
Serum CA19-9, AFP, and CEA were all elevated at the
time of admission (2, 1.8, and 8 times the upper limit of
the reference values, respectively). Following hydrogen
inhalation, the three markers did not decline and the AFP
even exceeded the level at the time of admission; however,
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Figure | Blood parameters before and after hydrogen treatment. (A) Red blood cell counts and hemoglobin levels; the red line in the represents the lower limit of the
reference range. (B) Total protein and albumin concentrations; the red lines in the figures represent the lower limit of the reference range. (C) White blood cell and

lymphocyte counts; the red lines in the figures represent the reference range.

these levels rapidly declined afterwards, and all fell to
within the normal reference range after two and a half
months (Figure 2).

Abdominal CT images were analyzed at different time
points before and after hydrogen treatment (Figure 3A).
Before hydrogen treatment, the sum of the diameter of multi-
ple tumors was 12.2 cm. After hydrogen treatment for: 1) one

month, the sum was 16.7 cm (37% increase compared with
pretreatment, PD); 2) two and a half months, the sum was
12.9 cm (6% increase compared with pretreatment, SD); and
3) six months, the total was 8.1 cm (33% decrease compared
with pretreatment, PR) (Figure 3B).

The patient was tested for immunological function
before hydrogen treatment, as well as at six and nine
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Figure 2 Changes in the tumor markers before and after hydrogen treatment. The
red lines in the figures represent the upper limit of the reference ranges.

months after treatment. In the terminally differentiated
CD8+ T cells, the proportion of exhausted cells was
46.8% at two weeks before treatment, 31.3% at six months

after treatment, and 27.6% after nine months (Figure 4).

Discussion
The treatment for gallbladder cancer is difficult, primarily
due to the development of early intrahepatic and hepatic

metastases.® There is no evidence that minimally invasive
ablation and chemotherapy can be used to obtain survival
gains.” In this patient, intrahepatic and hepatic portal
metastases were present at the time of diagnosis.
Although irreversible electroporation ablation and che-
motherapy were performed, the lesion progressed further
after nine months, invading the duodenum and appearing
around the head of the pancreas. Multiple lymph node
metastases involving the inferior vena cava was indicative
of metastatic cancer (T4Nl1aMO0). In addition to the
patient’s original rheumatic heart disease with mitral
valve replacement, the patient was 72 years old with
diabetes (fasting blood glucose up to 22 mmol/L) and
severe anemia (hemoglobin only 37 g/L), making it impos-
sible for her to receive routine anti-tumor treatments.

The patient’s disease status changed following hydrogen
inhalation. One month after hydrogen therapy, the patient’s
general condition and blood parameters (including total
protein, albumin, red blood cell count, and hemoglobin
levels) gradually improved. After two and a half months
of therapy, her duodenal obstruction was relieved and sub-
sequently disappeared, the gastric tube was removed, the
level of tumor marker expression began to decline, the CT
examination showed that the tumors in the gallbladder and
liver had gradually reduced, and the PS score was signifi-
cantly improved. The patient has undergone hydrogen treat-
ment for 10 months to date, and her condition has further
improved. However, in this case, although the symptoms
and systemic conditions improved within one month of
hydrogen inhalation, the tumor size and tumor marker
expression increased and subsequently decreased following
continued treatment. Clearly, the initial changes observed
regarding the tumors and associated markers are false indi-
cators of progression. Moreover, these findings are highly
similar to the pseudo-remission-response patterns that
occur during immunotherapy with PD-1 inhibitors.'*!!

Pseudo-progression refers to an increase in the original
lesions at the beginning of treatment or the emergence of new
lesions, which is reduced following continued treatment.
This response appears to be “exclusive” to anti-PD-1/PD-
L1 immunotherapy, first observed in melanoma patients,'*'?
and has subsequently been reported in other cancers.'*'> The
mechanism for this phenomenon may be that during immu-
notherapy, immunocytes (i.e., cytotoxic T cells) infiltrate the
tumor, causing edema and necrosis.'®

PD-1 is a typical marker of senescent apoptotic CD8+ T
cells.'”'® Recent studies have shown that hydrogen can
inhibit the expression of PD-1 on T cells in vivo.
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A 06/10/2018 24/10/2018 27/11/2018 12/01/2019 15/04/2019
half month before do of treatment 1 month after 2.5 month after 6 month after
Gallbladder
tumor
Liver
metastases
Duodenal
fistula and

obstruction

B Gallbladdertumor Liver metastases Pancreas headlymph Sum ofthe tumormain Effectevaluation
node diameters

D 0 of hydrogeninhalation 6.3X4.9cm 3.2X26cm 27X21cm 12.2cm

1 month after 6.7xX6.3cm 4.2X4.0cm(large) 22X1.8cm 16.7cm PD
3.6X3.2cm(small)

2.5 month after 3.7X36cm 4.0xX3.3cm (large) 2.0X1.6cm 129cm SD
3.2X2.8cm(small)

6 month after 2.8xX26cm 2.5X2.4cm(large) 2.8X24cm 8.1cm PR

Figure 3 (A) CT imaging findings at different time-points before and after hydrogen treatment. In the first line of figures, the triangle and the contour lines represent the location
and range of the gallbladder. In the second line of figures, the contour lines represent the location and range of the liver metastases. In the third line of figures, the arrows represent
the location of the duodenal fistula or obstruction. (B) Evaluation of the effect of hydrogen treatment at different time-points according to CT imaging and RECIST I.1.
Abbreviations: PD, progressed disease; SD, stable disease; PR, partial remission; CT, computed tomography.
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Figure 4 In terminally differentiated CD8+ T cells, the proportion of exhausted
cells varied with the treatment time. The results were tested by flow cytometry, in
which the terminally differentiated CD8+ T cells were labeled CD3+CD8+CD27-,
in which PD-1+, was considered a marker of exhaustion and non-exhausted cells
were PD-I.

Moreover, Akagi et al.” reported that after the hydrogen
treatment of 55 patients with stage IV colorectal cancer,
PD-1+CD8+ T cells decreased and PD-1 CD8+ T cells
increased in the peripheral blood. As the hydrogen

inhalation time increases, the ratio of the two cells is further
reduced. Additionally, the greater the reduction in PD-1
+CD8+ T cells, the longer the progression-free survival
and overall survival of the patients. Indeed, this study
showed that hydrogen therapy restored exhausted CD8+ T
cell activity by inhibiting PD-1 expression. We observed a
similar phenomenon in this case, which supports the evi-
dence that hydrogen therapy may exhibit an effect similar to
the pseudo-progression phenomenon observed following
anti-PD-1 treatment.

It has been found that an increased number of CD8+ T cells
expressing PD-1 in the peripheral blood of cancer patients
represents a serious prognostic marker.'” In addition, PD-1
+CD8+ T cells are functionally exhausted and have lost their
anti-tumor functionality.”*' Further studies have found that
mitochondrial dysfunction results in an insufficient energy
supply to such T cells, which leads to functional impairment.*>
Hydrogen can stimulate peroxisome proliferator-activated

receptor gamma cofactor 1 alpha (PGCla),”** which
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positively regulates several metabolic processes, including
mitochondrial biosynthesis, respiration, adaptive caloric pro-
duction, and gluconeogenesis,” thereby enhancing and
improving mitochondrial activity and exerting immunomodu-
latory effects.

Conclusion

Here, we reported a case of progressive gallbladder can-
cer that received only hydrogen inhalation therapy in
addition to symptomatic treatment. Pseudo-progression
and subsequent remission after hydrogen inhalation
exhibited a similar response pattern following anti-PD-1
immunotherapy. We found a significant decrease in the
proportion of exhausted CD8+PD-1+ T cells by immuno-
logical function tests before and after hydrogen inhala-
which
senescent apoptotic CD8+ T cells through mitochondrial

tion, suggests that hydrogen can revitalize
rescue. However, the process of tumor killing and shrink-
ing may induce pseudo-progression. The potential clinical
use of this therapy still needs validation with additional

large-scale trials.
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