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Abstract. As previously reported, hydrogen gas improves 
the prognosis of patients with cancer by restoring exhausted 
CD8+ T cells into active CD8+ T cells, possibly by activating 
mitochondria. As mitochondrial activators exhibit synergistic 
effects with nivolumab, the current study investigated whether 
hydrogen gas also affects the clinical outcomes of nivolumab. 
A total of 42 of 56 patients with lung cancer treated with 
nivolumab received hydrogen gas. Exhausted markers (PD‑1 
and Tim‑3) on cell populations in the CD8+ T cell differen‑
tiation pathway were analyzed using flow cytometry. The 
concentration of coenzyme Q10 (CoQ10) was measured 
as a marker of mitochondrial function. The 42  patients 
treated with hydrogen gas and nivolumab (HGN) indicated 
a significantly longer overall survival (OS) compared with 
those treated with nivolumab only (n=14). In multivariate 
analysis, PD‑1+Tim‑3+terminal CD8+ T cells (PDT+) were an 
independent poor prognostic factor in OS, and CoQ10 showed 
a tendency to be associated with improved OS. The change 
in the rate of PDT+ and CoQ10 after vs. before HGN (PDT+ 
ratio and CoQ10 ratio, respectively) revealed that patients 
with low PDT+ ratio (<0.81) and high CoQ10 ratio (>1.175) 
had significantly longer OS compared with those with high 
PDT+ ratio and low CoQ10 ratio. Furthermore, PDT+, with a 
significant reverse correlation with CoQ10, was significantly 
lower in patients with high CoQ10 and/or CoQ10 ratio than 
in those low CoQ10 and/or CoQ10. Hydrogen gas has been 

suggested to enhance the clinical efficacy of nivolumab by 
increasing CoQ10 (mitochondria) to reduce PDT+, with PDT+ 
and CoQ10 as reliable negative and positive biomarkers of 
nivolumab, respectively.

Introduction

Tumors expressing PD‑L1 bind to PD‑1, an immunoinhibitory 
receptor expressed on T cells, and inhibit T cell‑mediated 
immune responses (1). Nivolumab (anti‑PD‑1 antibody) binds 
to PD‑1 and blocks its PD‑1/PDL‑1 interaction. Nivolumab 
has led to extremely significant results in patients with 
terminally‑progressed carcinomas who can be administered 
several treatments. However, because nivolumab is reported 
to have a low cure rate of 20‑30%, many researchers have 
been searching for biomarkers that can be used to distinguish 
responders from non‑responders. T cell exhaustion, a state 
of T cell dysfunction characterized by reduced cytokine 
production, impaired killing, and hypo‑proliferation, was 
first characterized in chronic lymphocytic choriomeningitis 
virus (LCMV) infection (2,3). These T cell dysfunctions of 
exhausted T cells are inversely correlated with decreased 
mitochondrial function (3), which is caused by progressive 
loss of peroxisome proliferator‑activated receptor‑γ coacti‑
vator 1α (PGC1α), a regulator of mitochondrial replication 
that is controlled by a variety of signaling pathways (Akt, 
p38‑MARK, AMPK, SIRT1, PRMT1) (4), likely driven by 
chronic antigen exposure in the tumor microenvironment (5). 
Honjo et al, reported that mitochondrial activation chemi‑
cals such as Bezafibrate, an activator of PGC1‑α, synergize 
with nivolumab for T cell‑dependent antitumor activity (6), 
suggesting that T cells with severe metabolic insufficiency 
equivalent to exhausted T cells are highly involved in low clin‑
ical outcomes of nivolumab and reinvigoration of exhausted T 
cells is incompletely achieved by checkpoint blockade such as 
nivolumab only, and consequently, metabolic reprogramming 
must be preceded for enhancement of checkpoint blockade (5). 
Recently, we reported that the proportion of PD‑1+terminal 
CD8+ T cells containing PDT+ and PDT‑ (exhausted CD8+ 
T cells) in the peripheral blood of colorectal cancer patients 
was reduced by hydrogen gas, an activator of PGC1‑α, leading 
to better prognosis (7). Furthermore, enforced expression of 
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PGC1α in exhausted T cells results in superior antitumor T 
cell function (5,8). These reports indicate that mitochondrial 
activation chemicals, especially an activator of PGC1‑α, such 
as hydrogen gas and Bezafibrate, enhance nivolumab outcomes 
by restoring exhausted T cells.

T cell immunoglobulin and mucin domain‑containing protein 
3 (Tim‑3) is a type I membrane glycoprotein. Its expression 
can be found on terminally differentiated Th1 cells and innate 
immune cells (9‑11). Recently, Tim‑3‑expressing PD‑1+ terminal 
CD8+ T cells (PDT+) were reported to have the most severe 
exhaustive phenotype and most suppressive function compared 
with PD‑1+ Tim‑3‑terminal CD8+ T cells (PDT‑) (12), suggesting 
that mitochondrial dysfunction of PDT+ is more severe than 
that of PDT‑ and thus may be more responsible for nivolumab's 
clinical effects than exhausted T cells expressing only PD‑1. 
Some of Tim‑3‑expressing T cells have been recognized as 
senescent T cells characteristic of their irreversible dysfunction, 
and so it is doubtful whether hydrogen gas can restore PDT+ 
into active CD8+ T cells like the PD‑1+terminal CD8+ T cells 
as described before. Restoring exhausted T cells, including 
PDT+, represents an inspiring strategy in cancer treatment with 
nivolumab and has yielded promising results. In the patients with 
advanced carcinomas, exhausted T cells are increased, resulting 
in low effectiveness of nivolumab (about 20‑30% response rate), 
because of their dysfunctional cytotoxic activity. Hydrogen gas 
can restore the exhausted T cells into active T cells, which will 
bring a higher clinical response rate of nivolumab in the advanced 
cancer patients. Therefore, such restoration of exhausted CD8+ T 
cells by hydrogen gas has become a significant breakthrough in 
cancer immunotherapy with nivolumab.

Molecular hydrogen (i.e., dihydrogen or H2) was previously 
reported to efficiently neutralize hydroxyl radicals (•OH), but 
not other reactive oxygen species, such as superoxide anions 
(O2•‑), hydrogen peroxide (H2O2), and nitric oxide (NO•) (13). 
As hydrogen gas is reported to activate PGC1‑α (14), it is also 
one of the mitochondrial activation mediators. Recently, we 
reported that hydrogen gas could restore exhausted CD8+ T 
cells to active CD8+ T cells via mitochondrial activation (7). 
This implies that hydrogen gas may improve the clinical effects 
of nivolumab, as reported by Chamoto et al (6). However, there 
is no direct evidence that hydrogen gas activates mitochondria. 
Therefore, we have been searching for methods that clini‑
cally and easily measure mitochondrial function. Recently, 
coenzyme Q10 (CoQ10), a key enzyme of the mitochondrial 
respiratory chain, became easily and clinically measurable 
through the use of peripheral blood  (15). CoQ10 transfers 
electrons from complexes I and II into complex III, which is a 
critical process for ATP production. CoQ10 supplementation 
was reported to activate mitochondrial function (16), which is 
reported to depend on the CoQ10 concentration in peripheral 
blood (17). Such findings suggest that the concentration of 
CoQ10 in peripheral blood is available as a marker of mito‑
chondrial function. Therefore, we sought to use CoQ10 as a 
marker of mitochondrial function in this study.

Herein, we investigated whether hydrogen gas, an activator 
of PGC1‑α, is able to enhance the clinical effect of nivolumab, 
and what its mechanism might be. Further, we investigated 
whether the CoQ10 concentration in the peripheral blood 
of cancer patients is available as a marker of mitochondrial 
function.

Materials and methods

Patients, sample collection and processing. All participants 
provided written informed consent prior to enrollment. 
The study protocol was approved by the Institutional 
Review Boards at the Tamana Regional Health Medical 
Center (Tamana, Kumamoto, Japan). All methods and 
procedures were consistent with Good Clinical Practice, 
the Declaration of Helsinki, and local laws. In this prospec‑
tive cohort study, 56  patients with histologically‑ and 
clinically‑diagnosed stage IV lung carcinoma, based on the 
unified Tumor‑Node‑Metastasis criteria (18), were enrolled at 
Tamana Regional Health Medical Center between July 2016 
and July 2018. The specific exclusion and inclusion criteria 
were: A performance status of ≥2 and <2, hemoglobin 
of <8.0 and ≥8.0, WBC of <2,000 and ≥2,000, platelet of 
<60,000 and ≥60,000, respectively. Among the patients with 
lung carcinoma, 22 were men, and 34 were women, ranging 
in age from 33 to 84 years (mean age of 63.6±1.88 years). 
Patients were continuously treated with nivolumab (1 mg/kg) 
every 2 weeks. Patients also inhaled hydrogen gas 3 h daily 
at their home through a cannula or mask that they rented 
or purchased and connected to a Hycellvator ET 100 (Helix 
Japan, Co., Ltd.). None of the patients reported any complaints 
regarding the daily 3‑h hydrogen gas inhalation. Peripheral 
blood (10 ml) was collected from patients prior to and every 
month after treatment with hydrogen gas.

When the total patients number reached to about 30, we 
found that the survival rate and QOL (Quality of life) of the 
patients treated with both nivolumab and hydrogen gas were 
quite better that those with nivolumab only. Therefore, then, 
we are sorry to select the combined treatment of nivolumab 
and hydrogen gas more preferably than the treatment of 
nivolumab only. That is why the number of the patients treated 
with combined treatment was more than those with nivolumab 
only. However, this result strongly suggest that the combined 
treatment of nivolumab and hydrogen gas is more clinically 
effective than the treatment with nivolumab only.

Hydrogen gas treatment. The Hycellvator ET 100 (Helix 
Japan, Co., Ltd.) generates 1.67 l/  min hydrogen gas 
(hydrogen purity, 99.99%) by electrolysis. As measured by 
gas chromatography at Kureha Special Laboratory, the gas 
generated 680,000  ppm hydrogen gas and 320,000  ppm 
oxygen gas. Recently, hydrogen gas inhalation was used 
in patients with post‑cardiac arrest syndrome, and adverse 
events were not observed (19). Similarly, no adverse events 
were observed in the 56 patients who inhaled hydrogen gas 
for up to a maximum of 60 months in the present study.

Antibodies and fluorescence‑activated cell sorting (FACS). 
Briefly, Ficoll‑Hypaque solution (20  ml) was placed into 
a 50‑ml conical centrifuge tube using a sterile pipette. 
Anti‑coagulated blood (10 ml) mixed with an equal volume of 
PBS was then slowly layered over the Ficoll‑Hypaque solution 
by gently pipetting down the side of the tube. Samples were then 
centrifuged at 400 x g and 22˚C for 30‑40 min. Mononuclear 
cells that accumulated at the interface between the plasma 
(upper) and Ficoll‑Hypaque layers (bottom) were carefully 
recovered using a Pasteur pipette and transferred to a 15‑ml 
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conical tube. Cells were then analyzed on a BD FACSCalibur 
(Nippon Becton Dickinson) with BD CellQuest software 
(v5.1) using anti‑CD57 conjugated to fluorescein isothiocya‑
nate (clone NK‑1; cat. no. 347393; Nippon Becton Dickinson), 
mouse anti‑human CD27 conjugated to APC (clone M‑T271; 
cat. no. B09983; Beckman Coulter), mouse anti‑human PD‑1 
conjugated to PE (clone EH12.1; cat.  no.  557946; Nippon 
Beckton Dickinson), mouse anti‑human Tim‑3 conjugated 
to PE (clone FAB2365C; cat. no. 344823; R&D system), and 
mouse anti‑human CD8 conjugated to PerCP (clone SK1; 
cat. no. 347314) (BD Pharmingen). The mixtures were incu‑
bated at 4 C for 30 min after blocking with 1% γ‑globulin for 
15 min at 4˚C. To determine the independent contributions 
of each marker to PFS and OS, FACS data were used to 
stratify patients based on the proportion of early, intermediate, 
terminal, and end PD‑1+ and PD‑1‑ CD8+ T cells. All blood 
samples obtained from patients were transferred to SRL, Inc. 
for lymphocyte separation and flow cytometry; the status of 
the laboratory data, reliable protocols, and flow cytometry 
assays were certified by SRL, Inc., one of the most reliable 
clinical laboratory centers in Japan. The flow cytometry data 
were analyzed using SPSS v19.0 for Windows (IBM Corp.).

Measurement of Coenzyme Q10. Serum ubiquinol content was 
determined by LC/MS/MS (outsourced to Kaneka Techno 
Research Corporation). Briefly, 0.7 ml of isopropanol was 
added to 0.1 ml of serum. The obtained mixture was then 
centrifuged, and the resulting supernatant was filtered through 
a membrane filter. The obtained filtrate was then used as the 
sample for LC/MS/MS, which was performed on a Triple 
Quad5500 (AB SCIEX Company).

Study endpoints and assessments. Primary endpoints were 
PFS and OS time, and these were measured from the date of 
randomization to the first recurrence and mortality, regardless 
of cause, respectively. Patients were monitored by dynamic 
computed tomography or magnetic resonance imaging every 
3 months from baseline up to 60 months, and every 3‑6 months 
thereafter. Two independent and blinded radiologists, each 
with >5 years of experience, reviewed all scans at each site. 
When there was discord, the radiologists reviewed the images 
to reach the same conclusion following a discussion. Adverse 
events were classified and graded every 2 months according 
to the Common Terminology Criteria for Adverse Events v3.0 
(National Cancer Institute) (20) from the day of consent until 
the end of the study, at least 30 days after treatment. Multiple 
events were counted once for each patient, of which the most 
severe was noted.

Statistical analysis. Significant differences between 
two groups were found using the (Mann‑Whitney test). 
For persistent abnormal distribution, the linear correla‑
tion between two continuous variables was tested using 
Spearman's correlation coefficient. Statistical analysis 
of Tables I‑III was performed using χ2 test for comparing 
two groups. The receiver operating characteristic (ROC) 
analysis was used to determine the optimal cut‑off values 
for continuous variables. The ROC curve shows 1‑specificity 
on the x‑axis and sensitivity on the y‑axis. The optimal 
cut‑off value was calculated by maximizing the sensitivity 

and specificity across various cut‑off points on the ROC 
curve. The probability of survival was estimated by the 
Kaplan‑Meier method, and differences in survival were 
evaluated by the log‑rank test. Prognostic factors were tested 
by univariate and multivariate Cox regression analyses. All 
statistical analyses were performed using SPSS version 19.0 
for Windows (IBM Corp.). P<0.05 was considered to indi‑
cate a statistically significant difference.

Results

Hydrogen gas extends the OS of patients treated with hydrogen 
gas and nivolumab. Of the patients with stage IV lung cancer, 
42 were treated with hydrogen gas and nivolumab (HGN), 
while 14 were treated with nivolumab only (NO). Table I shows 
that a significant difference was not found in the clinico‑path‑
ological parameters such as age, gender, T (Tumor) factor (18), 
N (Node) factor (18), M (Metastasis) factor (18), and histology 
between the two groups. Kaplan‑Meyer analysis showed that 
the HGN‑treated patients had a significantly longer OS than 
those treated with NO (Fig. 1A). Median survival time (MST) 
for the HGN‑treated patients was 28 months, a length that is 
approximately 3‑fold longer than that for NO‑treated patients 
(MST 9 months) (Fig. 1A).

Prognostic factors of HGN‑treated patients. It was recently 
reported that PD‑1+terminal CD8+ T cells are an independent 
poor prognostic factor of colorectal cancer patients and 
hydrogen gas brought them a better prognosis by reducing 
PD‑1+terminal CD8+ T cells probably and increasing 
PD‑1‑terminal CD8+ T cells. However, in the HGN‑treated 
patients, the proportion of PD‑1+terminal CD8+ T cells and 
the change in the rate of PD‑1+terminal CD8+ T cells after 
vs. before HGN (PD‑1+ ratio) were not involved in overall 
survival (Fig.  1B  and  C). As described in the introduc‑
tion, PD‑1+terminal CD8+ T cells (exhausted CD8+ T cells) 
are supposed to contain the most exhausted CD8+ T cells 
(PD‑1+Tim‑3+terminal CD8+ T cells, PDT+) as well as 
PD‑1+Tim‑3‑terminal CD8+ T cells (PDT‑), and so we sought 
to determine whether the expression of Tim‑3 and/or PD‑1 
on populations of CD8+ T cells in differentiation pathways is 
associated with their OS.

Cox proportional‑hazards regression analysis was used to 
identify PD‑1+/‑ Tim‑3+/‑ CD8+ T cell subsets and the clinico‑path‑
ological factors (age, sex, primary tumor (T), regional lymph 
nodes (N), distant metastasis (M), and histology) associated 
with OS in patients with stage IV lung cancer. By performing 
a univariate analysis of 17 factors, PD‑1+Tim‑3‑intermediate 
CD8+ T cells (HR, 1.035; 95% CI, 1.008‑1.062; P=0.009), 
PD‑1+Tim‑3+intermediate CD8+ T cells (HR, 2.504; 95% CI, 
1.472‑4.262; P=0.001), PD‑1+terminal CD8+ T cells (HR, 
1.092; 95% CI, 1.005‑1.188; P=0.038), PD‑1+Tim‑3‑terminal 
CD8+ T cells (HR, 1.089; 95% CI, 1.013‑1.170; P=0.021), 
and PDT+ (HR, 49.97; 95% CI, 6.369‑392.1; P<0.0001) was 
found to be significantly associated with poorer OS, while 
PD‑1 Tim‑3‑intermediate CD8+ T cells (HR, 0.966; 95% CI, 
0.942‑0.991; P=0.008), PD‑1‑ Tim‑3‑terminal CD8+ T cells 
(HR, 0.922; 95% CI, 0.8680.980; P=0.009), and CoQ10 (HR, 
0.717; 95% CI, 0.541‑0.949; P=0.020) with better OS. On the 
other hand, four types of PD‑1‑Tim‑3+early‑, intermediate‑, 
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terminal‑, and end‑diff. CD8+ T cells were not significantly 
associated with OS. Based on multivariate Cox regression, 
terminal PDT+ was more strongly associated with OS than 
others (HR, 27.16; 95% CI, 3.152‑233.9; P=0.003), and CoQ10 
showed a tendency to be associated with better prognosis (HR, 
0.780; 95% CI, 0.602‑1.012; P=0.062).

Based on the above results, patients were stratified as 
having high and low PDT+ by using a cut‑off value of 0.065% 
for OS (ROC (Receiver Operating Characteristic) curve; 
AUC (Area Under the curve)=0.858, Sensitivity=76.2%, 
Specificity=71.4%) (Fig. 2A). There were no significant differ‑
ences in the clinico‑pathological factors between patients 
with high and low PDT+ (Table II); the resulting stratified 
OS curves are plotted in Fig. 2B. The curves demonstrated 
that patients with low PDT+ had a significant increase in OS 
compared to those with high PDT+. MST of OS was 11 months 
for patients with high PDT+ and 60 months for those with low 
PDT+ (Fig. 2B).

Hydrogen gas reduces PDT+, leading to better prognosis. 
Hydrogen gas decreased the proportion of PDT+ in 20 of the 
42 patients (47.6%) and PD‑1+Tim3‑terminal CD8+ T cells 
(PDT‑) in 23 of the 42 patients (54.8%). In contrast, it increased 
the proportion of PD‑1‑Tim3‑terminal CD8+ T cells in 30 of the 
42 patients (71.4%). We calculated the change in ratio for the 

proportion of PDT+ after HG vs. before HG (PDT+ ratio). The 
cut‑off value of the PDT+ ratio was 0.81 according to ROC 
curve (AUC=0.796, Sensitivity=81.0%, Specificity=80.0%) 
(Fig. 2C), and patients with low PDT+ ratio showed a signifi‑
cantly longer OS than those with a high PDT+ ratio (Fig. 2D). 
The MST of the latter patients was 10 months, while more than 
50% of the former are still alive (Fig. 2D).

Concentration of CoQ10 in the peripheral blood is highly 
associated with OS. PDT+ is assumed to have a more 
progressive exhaustion than PDT‑, leading to a worse prog‑
nosis compared to PDT‑. As the two exhausted CD8+ T cell 
populations (PDT+ and PDT‑) are naturally considered to have 
mitochondrial dysfunction, with potential differences in their 
degree, measurement of mitochondria function is very impor‑
tant. While we are yet to derive a method that clinically and 
easily grasps mitochondrial function, the CoQ10 concentra‑
tion can already be measured using peripheral blood. Because 
CoQ10 plays an important role in the mitochondrial respira‑
tory chain, its concentration in peripheral blood may be an 
approximate value of mitochondrial function. We measured 
the CoQ10 concentration in the 35 HGN‑treated patients with 
stage  IV lung cancer and investigated its association with 
OS. The cut‑off value was found to be 0.985 µg/ml (ROC 
curve; AUC=0.803, Sensitivity=83.3%, Specificity=81.8%, 

Table I. Comparison of clinicopathological data between patients treated with Hydrogen gas + Nivolumab and Nivolumab only.

Factor	 Hydrogen gas + Nivolumab (n=42)	 Nivolumab only (n=14)	 P‑value

Age	 63.6±12.2	 62.7±8.68	 NS
Sex			   NS
  Male	 14	 8
  Female	 28	 6
T factor			   NS
  T1	 2	 1
  T2	 10	 3
  T3	 16	 5
  T4	 8	 4
  Tx	 6	 1
N factor			   NS
  N0	 6	 2
  N1	 12	 2
  N2	 6	 3
  N3	 8	 3
  Nx	 10	 4
M factor			   NS
  M0	 0	 0
  M1a	 30	 10
  M1b	 12	 4
Histology			   NS
  Adenocarcinoma	 30	 10
  SCC	 12	 4

NS, Not Significant; T factor, Primary Tumor; N factor, Regional Lymph Node; M factor, Distant Metastasis; M1a, Contra‑lateral lung metas‑
tasis, pleural nodules, malignant pleural effusion; M1b, Distant metastasis to organs other than lungs; SCC,  Squamous Cell Carcinoma.
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(Fig. 2E). Further, the 35 HGN‑treated patients were strati‑
fied as having high (>0.985 µg/ml) and low (<0.985 µg/ml) 
CoQ10 concentrations. There were no significant differences 
in the clinico‑pathological factors between patients with high 
and low CoQ10 (Table III). Patients with high CoQ10 had a 
significantly longer OS than those with low CoQ10 (Fig. 2F). 
MST of patients with high CoQ10 was 25 months, while that of 
patients with low CoQ10 was 8 months (Fig. 2F).

Following hydrogen gas treatment, the concentration of 
CoQ10 was increased in 19 (46%) of 41 patients (Table IV). 
Hence, we proceeded to calculate the rate of change of 
CoQ10 by hydrogen gas treatment (CoQ10 ratio=CoQ10 
concentration after treatment/CoQ10 concentration before 
treatment) and classified patients by high‑ and low‑CoQ10 
ratio using the cut‑off value (1.175) (ROC curve; AUC=0.710, 
Sensitivity=75.0%, Specificity=66.7%) (Fig. 2G). Patients with 
a high‑CoQ10 ratio survived significantly longer than those 

with a low‑CoQ10 ratio, as shown in Fig. 2H. MST of patients 
with a high CoQ10 ratio was NR (not reached to 50% overall 
survival), while that of patients with low CoQ10 was 9 months 
(Fig. 2H).

Table  II. Comparison of clinicopathological data between 
patients with high‑ and low‑level of PD‑1+Tim‑3+terminal 
CD8+ T cells (PDT+).

	 Tim‑3+PD‑1+terminal 
	 CD8+ T cells (PDT+)
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Factor	 High (n=18)	 Low (n=24)	 P‑value

Age	 62.7±14.3	 64.3±10.57	 NS
Sex			   NS
  Male	 5	 9
  Female	 13	 15
T factor			   NS
  T1	 1	 1
  T2	 1	 3
  T3	 6	 9
  T4	 8	 10
  Tx	 2	 1
N factor			   NS
  N0	 2	 3
  N1	 4	 5
  N2	 8	 8
  N3	 2	 4
  Nx	 3	 4
M factor			   NS
  M0	 0	 0
  M1a	 12	 16
  M1b	 6	 8
Histology			   NS
 Adenocarcinoma	 11	 17
  SCC	 7	 7

NS, Not Significant; T factor, Primary Tumor; N factor, Regional 
Lymph Node; M factor, Distant Metastasis; M1a, Contra‑lateral 
lung metastasis, pleural nodules, malignant pleural effusion; M1b, 
Distant metastasis to organs other than lungs; SCC, Squamous Cell 
Carcinoma.

Table  III. Comparison of clinicopathological data between 
patients with high‑ and low‑level of Coenzyme Q10.

	 Coenzyme Q10
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Factor	 High (n=22)	 Low (n=13)	 P‑value

Age	 60.5±11.4	 66.8±13.7	 NS
Sex			   NS
  Male	 8	 4
  Female	 14	 9
T factor			   NS
  T1	 1	 1
  T2	 4	 1
  T3	 8	 6
  T4	 7	 4
  Tx	 2	 1
N factor
  N0	 2	 1
  N1	 5	 3
  N2	 9	 6
  N3	 3	 2
  Nx	 3	 1
M factor			   NS
  M0	 0	 0
  M1a	 14	 9
  M1b	 8	 4
Histology			   NS
  Adenocarcinoma	 14	 10
  SCC	 8	 3

NS, Not Significant; T factor, Primary Tumor; N factor, Regional 
Lymph Node; M factor, Distant Metastasis; M1a, Contra‑lateral 
lung metastasis, pleural nodules, malignant pleural effusion; M1b, 
Distant metastasis to organs other than lungs; SCC, Squamous Cell 
Carcinoma.

Table IV. aPDT+ ratio and CoQ10 ratio.

	 CoQ10 ratio
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Value	 High	 Low	 Total	 P‑valueb

PDT+ ratio				    0.007
  High	 5	 16	 21 (51%)
  Low	 14	 6	 20 (49%)
Total	 19 (46%)	 22 (54%)	 41

aPDT+ ratio=PD‑1+Tim‑3+terminal CD8+ T cell ratio; bPearson χ2 test.
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Exhausted CD8+ T cells, especially PDT+, are highly asso‑
ciated with CoQ10. PDT+ might be more exhausted than 
PDT‑ and may have more severe mitochondrial dysfunction 
than PDT‑. As described above, if the concentration of CoQ10 
in the peripheral blood of patients can predict mitochondrial 
function to some extent, an association between the proportion 
of PDT+ and the concentration of CoQ10 may exist; this is 
because the most striking feature of PDT+ is mitochondrial 
dysfunction.

We found that PDT+ showed a moderate reverse corre‑
lation to CoQ10, which was more significant than that of 
PDT‑ (Fig. 3A and B). In patients with a high level of CoQ10, 
the proportion of PDT+ was significantly lower than in 
patients with low CoQ10 (Fig. 3D), while that of PDT‑ was not 
significant (Fig. 3C). Further, in patients with a high‑CoQ10 
ratio (i.e., patients with increased CoQ10 concentration after 
HGN‑treatment), both of PDT‑ and PDT+ were significantly 
lower than in patients with a low‑CoQ10 ratio (Fig. 3E and F, 
respectively). Table  IV shows that the CoQ10 ratio was 
significantly low in patients with a high PDT+ ratio, while the 
CoQ10 ratio was significantly high in those with a low PDT+ 
ratio.

Discussion

In the present study, we revealed that hydrogen gas enhances the 
overall survival time of nivolumab‑treated lung cancer patients. 
The MST of the patients treated with nivolumab and hydrogen 
gas (28 months) is about three times longer than that of those 
treated with nivolumab only (9 months). Although PD‑1+terminal 
CD8+ T cells were an independent poor prognostic factor in the 
stage IV colorectal cancer patients as previously reported (7), 
the CD8+ T cells expressing both PD‑1 and Tim‑3 (PDT+) were 
most significantly responsible for OS of the patients treated 
with nivolumab and hydrogen gas, suggesting that nivolumab 
masks an expression of PD‑1 molecules on CD8+ T cells and 
so measurement of Tim‑3 molecules as well as PD‑1 on CD8+ 
T cells is required for an accurate evaluation of prognosis of 
patients treated with nivolumab. Contrary to our recent report on 
PD‑1+terminal CD8+ T cells (7), the hydrogen‑induced reduction 
of the proportion of PD‑1+terminal CD8+ T cells in this study 
did not cause an improvement of overall survival, but hydrogen 
gas decreased PDT+ and increased PD‑1‑Tim‑3‑terminal CD8+ 
T cells, which resulted in a better OS in HGN‑treated patients. 
PDT+ is supposed to be the most severely exhausted CD8+ T cells 

Figure 1. (A) OS in patients treated with hydrogen gas and nivolumab (solid line) and those treated with nivolumab only (dotted line). (B and C) Comparison of 
OS in HGN‑treated patients with high (solid line) and low (dotted line) of (B) PD‑1+ and (C) PD‑1+ ratio. *PD‑1+ =PD‑1+terminal CD8+ T cells, **PD‑1+ ratio 
=PD‑1+terminal CD8+ T cells after treatment / PD‑1+terminal CD8+ T cells before treatment. OS, overall survival; HGN, Hydrogen gas and Nivolumab; PD‑1+, 
PD‑1+terminal CD8+ T cells; PD‑1+ ratio; PD‑1+terminal CD8+ T cells after HGN treatment / PD‑1+terminal CD8+ T cells before HGN treatment.
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Figure 2. (A) ROC of OS based on terminal PDT+. The cutoff value was 0.065%. (B) OS in patients with a high‑ (solid line) and low‑ (dotted line) proportion of PDT+. 
(C) ROC curves of OS based on the PDT+ ratio. The cutoff value was 0.81. (D) OS in patients with a high‑ (solid line) and low‑ (dotted line) PDT ratio. (E) ROC curves 
of OS based on the concentration of coenzyme Q10 (CoQ10). The cutoff value was 0.985 µg/ml. (F) OS in patients with a high‑ (solid line) and low‑ (dotted line) concen‑
tration of CoQ10. (G) ROC curves of OS based on the CQ10 ratio. The cutoff value was 1.175. (H) OS in patients with a high‑ (solid line) and low‑ (dotted line) CoQ10 
ratio. OS, overall survival; PDT+, PD‑1+Tim‑3+ terminal CD8+ T cells; PDT+ ratio, PD‑1+Tim‑3+terminal CD8+ T cells after HGN treatment /PD‑1+Tim‑3+terminal 
CD8+ T cells before HGN treatment; CoQ10 ratio, CoQ10 after HGN treatment/CoQ10 before HGN treatment; ROC, Receiver operating characteristic curves.
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possible exhibiting severe mitochondrial dysfunction, which is 
caused by progressive loss of PGC1α, a regulator of mitochon‑
drial replication, which is controlled by a variety of signaling 
pathways (Akt, p38‑MARK, AMPK, SIRT1, PRMT1) (4), likely 
driven by constitutive chronic antigen exposure in the tumor 
microenvironment (5). It was reported that hydrogen is associ‑
ated with these signaling pathways (21‑24), suggesting that it may 
improve PGC1‑α through these pathways to enhance the clinical 
effects of nivolumab by restoring exhausted CD8+ T cells. Direct 
mitochondrial activators synergize with PD‑1 blockade therapy; 
however, none of the mitochondrial activation chemicals alone 
exert any effects on tumor growth (6). This indicates that the 
better clinical effects observed in this study are not attributable 
to hydrogen gas alone, and as such, nivolumab is also required. 
This phenomenon may be explained by the fact that the reactive 
T cells by hydrogen gas contact cancer cells and subsequently 
express PD‑1 in response to PDL‑1 expressed on tumor cells, 
and consequently, nivolumab is required at the final stage of 

cancer attack. This is only the best situation for nivolumab 
showing its own best performance. Taken together, it is assumed 
that there are three kinds of PD‑1‑expressing CD8+ T cells, 
namely 1) CD8+ T cells transiently express PD‑1 in response to 
PDL‑1 on tumor cells and have normal mitochondria (referred 
to as suppressive CD8+ T cells, for convenience), 2) exhausted 
CD8+ T cells have mitochondrial disorder driven by a variety 
of signals from the cancer microenvironment and consequently 
express PD‑1 (exhausted CD8+ T cells), and 3) more exhaustive 
CD8+ T cells express both PD‑1 and Tim‑3 and possess more 
severe mitochondrial disorder (PDT+). Suppressive CD8+ T 
cells are nivolumab‑responder type, and both exhausted CD8+ 
T cells, especially PDT+, are nivolumab‑non‑responder type, 
requiring mitochondrial activation substances such as hydrogen 
gas for making nivolumab effective.

Because mitochondrial dysfunction of the two exhausted CD8+ 
T cells described above is caused by loss of PGC1‑α and hydrogen 
gas activates PGC1‑α, the hydrogen gas‑induced reduction of the 

Figure 3. (A) Point diagram of the correlation between CoQ10 concentration (x‑axis) and PDT‑ (y‑axis). (B) Point diagram of the correlation between 
CoQ10 concentration (x‑axis) and PDT+ (y‑axis). Comparison of (C) PDT‑ and (D) PDT+ between High and Low concentration of CoQ10. Comparison 
of (E) PDT‑ and (F) PDT+ between High and Low CoQ10 ratio. Mann‑Whitney test was used to investigate statistical differences between two groups. 
PDT‑, PD‑1+Tim‑3‑terminal CD8+ T cells; PDT+, PD‑1+Tim‑3+ terminal CD8+ T cells; PDT+ ratio, PD‑1+Tim‑3+terminal CD8+ T cells after HGN treatment / 
PD‑1+Tim‑3+terminal CD8+ T cells before HGN treatment; CoQ10 ratio, CoQ10 after HGN treatment / CoQ10 before HGN treatment.
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two exhausted CD8+ T cells (PDT‑ and PDT+) is assumed to be 
due to mitochondrial reactivation by hydrogen gas. However, there 
is currently no appropriate method to clinically and easily measure 
mitochondrial function. In this study, we attempted to use, as a 
marker of mitochondrial function, the concentration of CoQ10 
in peripheral blood. This is because CoQ10 plays an important 
role in the mitochondrial respiratory chain, and it has recently 
become possible to easily measure its concentration in peripheral 
blood. In this study, we found that the CoQ10 concentration was 
highly associated with the better prognosis of lung cancer patients 
(Fig. 2F), which is the first report about an association of CoQ10 
with the prognosis of cancer patients. Moreover, the hydrogen 
gas‑induced increase in the CoQ10 concentration was found to 
result in an improvement in prognosis (Fig. 2H). The proportion 
of PDT+ was significantly lower in patients with a high CoQ10 
concentration than in those with a low concentration (Fig. 3D). 
Additionally, when the CoQ10 concentration increased, that of 
PDT+ significantly decreased (Fig. 3F and Table IV). This finding 
suggests that the proportion of PDT+ is influenced by CoQ10 
concentration. CoQ10 concentration in the peripheral blood of 
lung cancer patients was inversely associated with the proportion 
of PDT+, more significantly than with the proportion of PDT‑ 
(Fig. 3A and B). These results are indicative that the concentration 
of CoQ10 reflects mitochondrial function. Furthermore, exhausted 
CD8+ T cells, especially PDT+, may be an opposite marker of mito‑
chondrial function. Consequently, it is suggested that hydrogen gas 
activates the mitochondria (CoQ10) to restore exhausted CD8+ 
T cells, including PDT+, into the active form of CD8+ T cells, 
resulting in better nivolumab outcomes. Our study revealed that 
nivolumab could not exert clinical effects against exhausted CD8+ 
T cells, especially PDT+, which is the major reason for the clinical 
response rate of nivolumab being as low as 20‑30% in patients with 
advanced cancer. From this point of view, hydrogen gas has good 
compatibility with nivolumab as it decreases exhausted CD8+ T 
cells. Thus, PDT+ and CoQ10 might be reliable negative and posi‑
tive biomarkers of nivolumab, respectively. Although coenzyme 
Q10 (CoQ10), a key enzyme of the mitochondrial respiratory 
chain (15), is suggested in this study to be a representative marker 
of mitochondrial function, we did not measure other mitochondrial 
enzymes such as nicotinamide adenine dinucleotide (NAD+), 
NADH, flavin adenine dinucleotide (FAD), acetyl coA and ATP 
amount in this study and so it is unclear yet whether a measure‑
ment of peripheral CoQ10 concentration is most suitable marker of 
mitochondrial function. Therefore, it will be required in the future 
to investigate whether CoQ10 is more suitable mitochondrial 
marker than other mitochondrial enzymes as described above. The 
present study had limitations. Other mitochondrial enzymes such 
as nicotinamide adenine dinucleotide (NAD+), NADH, flavin 
adenine dinucleotide (FAD), acetyl coA and ATP amount were 
not investigated in the present study and so it is unclear yet whether 
a measurement of peripheral CoQ10 concentration is most suitable 
marker of mitochondrial function.

Although pulmonary function tests before and after 
hydrogen is an important subject to evaluate patients' prog‑
nosis, we did not performed pulmonary function tests and will 
investigate it in the future.

Hydrogen gas could not restore PDT+ in all of the 
patients. PDT+ was not reduced in 21 of 41 patients (51.0%) 
by hydrogen gas, and in 22 out of 41 patients (54%), hydrogen 
gas could not increase the CoQ10 concentration (Table IV). 

In approximately half of the lung cancer patients, hydrogen 
gas could not activate CoQ10 (mitochondria) and/or reduce 
PDT+. The existence of senescent CD8+ T cells, which are 
known to show decreased proliferation, defective mitochon‑
drial function, and Tim‑3 expression, has been reported (25). 
In addition, it was recently understood that senescent CD8+ T 
cells are not only dysfunctional CD8+ T cells, but they have 
an important role in altering the tissue microenvironment and 
affecting neighboring cells via the production and secretion 
of pro‑inflammatory cytokines, chemokines, growth factors, 
and proteases through paracrine signaling  (26). The most 
striking feature of senescent CD8+ T cells is that not only their 
T cell‑dysfunction but also their mitochondrial dysfunction 
should be irreversible as reported before (25,27‑29). In this 
study, there also existed hydrogen‑unresponsive PDT+, which 
may be senescent CD8+ T cells. Nonetheless, recent studies 
have shown that even senescent T cells could regain function by 
inhibiting the p38 mitogen‑activated protein kinase (MAPK) 
pathway (30,31), which is one of the MAPK subfamilies that 
regulate cell growth, differentiation, and stress responses (32). 
Further, it was reported that hydrogen gas inhibits the p‑38 
pathway (33,34), suggesting that hydrogen gas may even restore 
senescent CD8+ T cells (including hydrogen‑unresponsive 
PDT+) into active CD8+ T cells by inhibiting the p38 pathway. 
Our hydrogen gas‑related data revealed that the longer patients 
inhaled hydrogen gas, the better their prognosis (data not 
shown). Such finding suggests that a longer inhalation of 
hydrogen gas may cause further effective recoveries of PDT+ 
even if they are senescent CD8+ T cells. For example, there 
are few cases with a 10‑h inhalation per day that demonstrate 
much better clinical effects than those with the usual 3‑h inha‑
lation per day.

When the total patients number reached to about 30, we 
found that the survival rate and QOL (Quality of life) of the 
patients treated with both nivolumab and hydrogen gas were 
quite better that those with nivolumab only. Therefore, then, 
we are sorry to select the combined treatment of nivolumab 
and hydrogen gas more preferably than the treatment of 
nivolumab only. That is why the number of the patients 
treated with combined treatment was more than those with 
nivolumab only. However, this result strongly suggest that the 
combined treatment of nivolumab and hydrogen gas is more 
clinically effective than the treatment with nivolumab only.

In conclusion, hydrogen gas activates CoQ10 (mitochon‑
dria), thereby enhancing the outcomes of nivolumab via 
reducing exhausted CD8+ T cells, especially PDT+. Our find‑
ings also suggest that CoQ10 concentration in peripheral blood 
is an available marker of mitochondrial function, while PDT+ 
and CoQ10 are reliable biomarkers of nivolumab. It is assumed 
that nivolumab is not effective for patients with predominant 
exhausted CD8+ T cells in peripheral blood, which can be 
overcome by hydrogen gas.
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