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Editorial on the Research Topic

Linking cellular metabolism to hematological malignancies
Convincing evidence has revealed that metabolic reprogramming orchestrates tumor

initiation and progression, immune evasion, and drug resistance. Targeting metabolic

vulnerabilities of tumors has remarkable advantages as a therapeutic strategy that exerts

prominent antitumor effects, without affecting normal cell physiology. Indeed, the

current treatment options based on metabolic reprogramming present impressive

curative effects in solid tumors and hematological malignancies. A better

understanding of tumor metabolic remodeling and immunometabolism will deepen

the insights into disease mechanisms and promote the development of promising

therapeutic strategies. This Research Topic intends to highlight the current

understanding of the role of cellular metabolism in hematological malignancies, with

the purpose of identifying new therapeutic targets and rational metabolic therapies alone

or in combination with other regimens.
The mechanism underlying metabolic
reprogramming

Arginine plays a multifaceted role in numerous crucial biological processes and exerts

a significant impact on carcinogenesis and immune response. Arginine auxotrophic

tumors, including many hematological malignancies, lose the ability to endogenously

synthesize arginine; thus, arginine depletion therapy can serve as a promising antitumor

therapeutic approach. Arginase is a prevalent arginine-depleting agent in clinical practice
frontiersin.org01
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that converts arginine into ornithine. Du et al. illustrate the

arginine metabolism pathway and summarize the current state

of arginase application in the treatment of hematological

malignancies. The combination of acupuncture and

bortezomib is a promising therapeutic strategy to benefit

multiple myeloma (MM) model mice, as outlined by Ke et al.

The synergistic effects of acupuncture and bortezomib on the

survival of MM mice might depend on ornithine-mediated

metabolism, which is implicated in arginine and proline

metabolic pathways. Furthermore, the external data from the

Gene Expression Omnibus (GEO) database revealed that higher

ornithine decarboxylase 1 (ODC1) expression was significantly

associated with inferior prognosis in MM patients.

Emerging metabolic pathways provide new clues for

identifying potential drivers of pathogenesis in hematological

malignancies. As a novel characterized modality of regulatory

cell death, ferroptosis has been demonstrated to be related to

multiple metabolic pathways. Lan et al. summarize the recent

progress in the regulatory mechanism of ferroptosis and

elucidate the roles of ferroptosis in hematological

malignancies. The potential of ferroptosis as a therapeutic

target in hematological malignancies is further discussed.

Recent studies have revealed metabolic differences between

hematopoietic and leukemic stem cells. Patel et al. depict the

unique metabolic adaptations seen in leukemic stem cells

(LSCs). They also highlight the advances and limitations of

metabolic analysis to decipher the metabolic adaptability of

LSCs. Cell number limitation and metabolic heterogeneity

represent the major challenges to understanding metabolic

differences in the cells of interest. Single-cell metabolic

technologies provide an excellent opportunity to dissect

cellular states at unprecedented depth. Zuo et al. introduce

single-cell metabolomics techniques, providing clear navigation

to select appropriate approaches for metabolic analysis.
Immunometabolism in the tumor
microenvironment

To date, increasing evidence indicates that immune cells can

alter metabolic programs to sustain their unique phenotype and

function in order to cope with environmental changes. Liu et al.

explore the metabolic abnormalities of tumor-associated

macrophages in CD5-positive non-MYC/BCL2 double

expressor lymphoma (CD5+ non-DE DLBCL). They found

enhanced lipid metabolism in CD5+ non-DE DLBCL,

accompanied by an increased M2 proportion. Targeting

dysregulated lipid metabolism with metformin was able to

significantly decrease M2 proportion and dampen fatty acid

transporter (CD36) expression in vitro, indicating the clinical
Frontiers in Oncology 02
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rationale of metformin for therapeutic treatment in CD5+ non-

DE DLBCL. Metabolic reprogramming existing in the tumor

microenvironment (TME) can also influence the function of

immune cells. Ehlers et al. found that activated natural killer

(NK) cells can maintain cytotoxic capacity against tumor cells in

a reduced glucose environment in vitro, as found in bone

marrow of multiple myeloma (MM) patients, suggesting the

therapeutic potential of activated NK cells for the treatment

of MM.
Emerging therapeutic strategies and
drug resistance

Increasing efforts are being made to develop novel antitumor

strategies for hematological malignancies. Lv et al. focus on

treatment advances in lymphoproliferative diseases driven by

Epstein Barr virus (EBV-LPDs). The traditional treatment

approaches for EBV-LPDs are summarized in this review,

including chemotherapy, radiotherapy, and hematopoietic

stem cell transplantation. They then highlight research

advances regarding alternative treatment modalities based on

pathological mechanisms, such as immunotherapy, gene

therapy, and epigenetic therapy. In addition, proteasome

inhibitors, selective nuclear export protein inhibitors, and JAK

inhibitors have been proposed as potential therapeutic options

for EBV-LPDs. Zhang et al. briefly summarize the current

standard treatment for classical Hodgkin lymphoma (cHL).

Meanwhile, they survey the latest clinical trials of novel

therapeutic agents with the potential to overcome relapsed or

refractory cHL, providing promising directions for future

research in this area. Glucose metabolism not only affects

tumor cell growth but also contributes to shaping the

immunosuppressive microenvironment, ultimately promoting

immune evasion. Targeting glucose metabolism to remodel the

TME is a rational strategy to enhance the efficacy of cancer

immunotherapy. Liu et al. review the advances in targeting

glucose metabolism combined with cancer immunotherapy.

Drug resistance remains a major obstacle in the clinical

management of solid tumors and hematological malignancies.

Elucidating the mechanisms of drug resistance is essential to

tackle this issue. To explore the potential mechanism of

resistance to arsenic trioxide (ATO) in chronic myeloid

leukemia (CML), Wang et al. utilized gene chip to profile the

metabolic characteristics of ATO-resistant CML cells (K-562)

and identified UNC13B as potentially responsible for ATO

resistance. UNC13B knockdown remarkably inhibited

proliferation and stimulated apoptosis of K-562 cells. Western

blot further revealed that UNC13B might modulate both

apoptosis and mitochondrial fusion by regulating MAP3K7,
frontiersin.org
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CDK4, and PINK1, rendering resistance to ATO. Zhuang et al.

provide a comprehensive overview of the molecular mechanisms

of resistance to isocitrate dehydrogenase (IDH) inhibitors in

acute myeloid leukemia (AML). A deeper understanding of the

resistance mechanisms will provide rationales for novel

therapeutic strategies targeting mutant IDH1/2. Several studies

have demonstrated the effectiveness of homoharringtonine

(HHT) for the treatment of AML. Zhang et al. profile

transcriptome changes in AML cells treated with HHT and

identify key metabolic pathways that may contribute to

resistance to HHT in AML cells.

Collectively, the original research and review articles in this

Research Topic cover a series of meaningful findings of

metabolic reprogramming in hematological malignancies,

providing new insights into the mechanisms underlying

cellular metabolism in hematological malignancies. Moreover,

several potential effective targets for cancer treatment have been

proposed, and further validation is warranted.
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Activated Natural Killer Cells
Withstand the Relatively Low
Glucose Concentrations Found
in the Bone Marrow of Multiple
Myeloma Patients
Femke A. I. Ehlers1,2,3†, Niken M. Mahaweni1,2,3†, Timo I. Olieslagers1,3, Gerard M. J. Bos2,3

and Lotte Wieten1,3*

1 Department of Transplantation Immunology, Tissue Typing Laboratory, Maastricht University Medical Center+, Maastricht,
Netherlands, 2 Department of Internal Medicine, Division of Hematology, Maastricht University Medical Center+, Maastricht,
Netherlands, 3 GROW School for Oncology and Developmental Biology, Maastricht University, Maastricht, Netherlands

Infusion of ex vivo expanded and cytokine-activated natural killer (NK) cells is a promising
alternative way to treat multiple myeloma (MM). However, the tumor microenvironment
(TME) may suppress their function. While reduced glucose availability is a TME hallmark of
many solid tumors, glucose levels within the TME of hematological malignancies residing
in the bone marrow (BM) remain unknown. Here, we measured glucose levels in the BM of
MM patients and tested the effect of different glucose levels on NK cells. BM glucose levels
were measured using a biochemical analyzer. Compared to the normal range of blood
glucose, BM glucose levels were lower in 6 of 9 patients (479-1231 mg/L; mean=731.8
mg/L). The effect of different glucose levels on NK cell cytotoxicity was tested in 4-hour
cytotoxicity assays with tumor cells. 500 mg/L glucose (representing low range of MM
BM) during the 4-hour cytotoxicity assay did not negatively affect cytotoxicity of activated
NK cells, while higher glucose concentrations (4000 mg/L) diminished NK cell cytotoxicity.
Since clinical application of NK cell therapy might require ex vivo expansion, expanded NK
cells were exposed to a range of glucose concentrations from 500-4000 mg/L for a longer
period (4 days). This did not reduce cytotoxicity or IFN-g secretion nor affected their
phenotypic profile. In summary, low glucose concentrations, as found in BM of MM
patients, by itself did not compromise the anti-tumor potential of IL-2 activated NK cells in
vitro. Although follow up studies in models with a more complex TME would be relevant,
our data suggest that highly activated NK cells could be used to target tumors with a
reduced glucose environment.

Keywords: NK cells, multiple myeloma, immunotherapy, tumor microenvironment, glucose
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INTRODUCTION

In the last decade, considerable effort has been put in the
development of NK cell-based immunotherapy to treat cancer
patients due to the clinical potential and good safety profile of
NK cells. Multiple clinical trials using either autologous or
allogeneic NK cells in various types of hematological- and solid
cancers have demonstrated that NK cells could exert anti-tumor
responses in patients without significant toxicity (1–3). Mostly,
ex vivo expanded and cytokine-activated NK cells are used to
create highly cytotoxic NK cells. Nonetheless, despite these
initially hopeful clinical outcomes, the therapeutic efficacy of
NK cell-based immunotherapy could be improved by increasing
NK-cell numbers, enhancing NK-cell activation, improving NK-
cell tumor-targeting capacity, and improving in vivo NK-cell
persistence (1).

The expansion and persistence of NK cells in vivo has been
demonstrated to be positively correlated with the clearance of
leukemic cells in patients receiving adoptive NK cell therapy (4).
However, the microenvironment of tumor cells could be
unfavorable and even suppressive for NK cells allowing tumor
cells to escape the NK-cell antitumor response. To be able to
survive in the tumor microenvironment (TME), NK cells require
cytokines such as IL-2 or IL-15 that can be produced by several
cell types present in the TME, but the available amount might
not be enough (5, 6). The presence of other cytokines such as
transforming growth factor-beta (TGF-ß) and IL-10 in the TME
may play a role in the suppression of IL-2 production (7). NK cell
antitumor capacity can be hindered by TME factors such as
myeloid derived suppressor cells (8), hypoxia (9, 10), or factors
released by the tumor cells such as prostaglandin E2, TGF-ß, IL-
10, reactive oxygen species, and arginase (11–13). Additionally,
the metabolic microenvironment of tumor cells could inhibit the
antitumor response of immune cells such as cytotoxic T cells and
NK cells (14). To sustain their growth and survival, tumor cells
frequently undergo metabolic reprogramming, allowing the
enhancement of glucose uptake and metabolism. This process
takes place not only within a hypoxic region but also in the area
where sufficient oxygen is available, a phenomenon known as
aerobic glycolysis or “the Warburg effect” (15). Aerobic
glycolysis is favorable for proliferating cells since it can provide
both bioenergetics and biosynthesis requirements better than
oxidative phosphorylation (OxPhos) (14). Due to high rates of
glycolysis, the glucose supply in the tumor microenvironment
can be limited. In solid tumors, glucose availability is inversely
correlated with the distance from the capillaries to the tumor and
glucose levels as low as 20 mg/L have been reported for colon
cancer with great intratumoral variability (16, 17). To our
knowledge, there is not much known about glucose levels
within the microenvironment of hematological cancers.

Aerobic glycolysis appeared to be not only advantageous for
tumor cells. Immune cells, such as cytotoxic T cells, have been
shown to require a switch to aerobic glycolysis to exert their
effector function (18). Since both tumor cells and T cells are
glycolytic, metabolic competition can occur within the tumor
microenvironment. The glycolytic activity of the tumor cells can
cause depletion of extracellular glucose thereby limiting the
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availability of glucose to T cells (19). In mice, it has been
demonstrated that this metabolic competition hindered T-cell
metabolism resulting in a defective IFN-g production which is
crucial for antitumor response (20, 21). In NK cells, aerobic
glycolysis has also been shown to be important for a potent NK-
cell effector function. In mice, resting NK cells preferred OxPhos
for their metabolism while highly activated NK cells enhanced
especially glycolysis and to a lower extend OxPhos (22–24). In
humans, NK cells upregulated both glycolysis and OxPhos upon
cytokine stimulation with IL-2 or IL-12/15 (25). Additionally,
CD56 bright NK cells were found to be metabolically more active
than CD56 dim NK cells (25). The same group also showed that
elevated levels of OxPhos were essential for NK cell effector
cytotoxicity and IFN-g production.

Our group focuses on the development and refinement of
NK-cell based immunotherapy to treat patients with cancer,
especially multiple myeloma (MM) as there is no cure available
to date for MM. We envision to inject a high number of highly
activated NK cells to patients with MM. Glucose levels in the
MM microenvironment remain unknown but may be important
in controlling the anti-MM response of NK cells as NK cells use
glucose as primary source of energy (26). We, therefore, aimed to
explore the possible consequences of MM metabolic
microenvironment on the antitumor potential of activated and
expanded NK cells. First, we investigated the glucose levels
present in the microenvironment of patients having active MM
to define the relevant in vitro experimental conditions. Second,
based on these results, we performed 4-hour cytotoxicity assays
in vitro to study the effect of short-term exposure to different
glucose concentrations on NK cell cytotoxicity against tumor
cells. Third, we studied the influence of longer exposure to the
different glucose concentrations on expanded NK cells to
evaluate whether NK cell effector functions could be optimized
by adapting glucose levels during expansion. The results from
this current study give us a better understanding whether in vivo
glucose concentrations should be a concern for the NK-cell based
immunotherapy and whether eventually an intervention might
be needed to improve the therapy.
MATERIALS AND METHODS

Glucose Measurement
Leftover fresh BM samples were obtained from MM patients
with active disease. The use of leftover material from clinical
procedures did not require ethical approval in the Netherlands
under the Dutch Code for Proper Secondary Use of Human
Tissue. None of the patients objected to the use of leftover
material. When feasible, samples were measured directly as a
whole BM harvest. Otherwise, samples were centrifuged with
speed 1170 g for 15 minutes at 4° Celsius, followed by harvesting
of the “plasma” fraction which was stored in -20° Celsius before
the glucose measurement was performed using YSI biochemical
analyzer (Salm en Kipp, BV). Freezing the samples had minor
influence on the glucose concentration, similar to variation
between duplicates. Samples were measured in duplicate and
the average per sample was reported.
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Cell Lines and Culture Media
The K562 cell line, purchased from ATCC, was cultured in IMDM
(Gibco) and supplemented with 10% fetal calf serum (FCS)
(Greiner Bio-One International, GmbH), 100 U/mL penicillin
(Gibco), and 100 µg/mL streptomycin (Gibco) (1% Pen/Strep).
The RPMI-8226 cell line, purchased from DSMZ, was cultured in
standard RPMI-1640 medium. Standard RPMI-1640 medium
refers to RPMI-1640 medium containing 2000 mg/L glucose
(Cat. 11554516, ThermoFisher) and was supplemented with
10% FCS and 1% Pen/Strep for all cultures. Glucose-free RPMI-
1640 medium (Cat. 11560406, ThermoFisher) was supplemented
with D-(+)-Glucose (Sigma) as indicated in the individual figures
and with 10% FCS and 1% Pen/Strep. All cell culture experiments
were performed at 37° C in an incubator with 5% CO2 and 21%O2

(Sanyo MCO-20AIC, Sanyo Electric Co, Japan).

NK Cell Culture and NK Cell Expansion
NK cells were isolated from anonymous buffy coats (Sanquin
blood bank, Maastricht). The use of buffy coats does not need
ethical approval in the Netherlands under the Dutch Code for
Proper Secondary Use of Human Tissue. Peripheral blood
mononuclear cells were isolated from the buffy coats by density
centrifugation using Lymphoprep (Axis-Shield). Subsequently,
NK cells were isolated using the NK cell isolation kit according
to the manufacturer’s protocol (Miltenyi Biotec, GmbH). For
experiments in Figure 2, NK cells were activated overnight with
1000 U/mL recombinant human IL-2 (Proleukin, Novartis) either
in standard RPMI-1640 medium containing 2000 mg/L glucose
(Gibco, Figure 2A) or in glucose-free RPMI-1640 medium
(Gibco) supplemented with the glucose concentration indicated
in the Figure 2B (named ‘culture condition’). For experiments in
Figures 3 and 4, NK cells were expanded from CD3-depleted
PBMCs in the presence of 1000 U/mL IL-2 in alpha-medium
(Biochrom, GmbH) supplemented with 10% human serum
(Milan Analytica, AG), 2mM L-GlutaMax (Gibco), 1.3 g/L
sodium bicarbonate (Biochrom), 2000 mg/L glucose (Sigma),
and 0.5% Gentamycin-Sulphate (Gibco). The cells were
expanded with IL-2 for 16-22 days during which the NK cells
expanded 10- to 20-fold. After expansion, the NK cells were
subsequently cultured for 4 days in glucose-free RPMI-1640
medium supplemented with the glucose concentration indicated
in the figure and with 1000 U/mL IL-2 (culture condition),
followed by cytotoxicity assays and ELISA assays.

Labeling of Tumor Cells Lines for
Cytotoxicity Assays
One day prior to the cytotoxicity assay, 2 x 106 cells/ml K562 cells
or RPMI-8226 cells were labeled with 3 µl Vybrant CM-DiI Cell-
Labeling solution (Thermo Fisher) in PBS according to the
manufacturer’s instruction. After adding CM-DiI to the cell
suspension, cells were incubated for 5 minutes at 37°C followed
by 15 minutes at 4°C in the fridge. After the last incubation, cells
were washed 2 times with PBS and centrifuged (280g for 8 minutes
at room temperature). K562 or RPMI-8226 cells were then
resuspended in IMDM or standard RPMI-1640 medium,
respectively, supplemented with 10% FCS and 1% Penicillin/
Streptomycin and incubated overnight at 37°C.
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Cytotoxicity Assay
On the day of the assay, the DiI-labeled tumor cells were
harvested and 2x104 cells per well were plated in a 96-wells
plate for the cytotoxicity assay. NK cells were harvested, washed
and co-cultured with the tumor cells in 1:1 Effector : Target (E:T)
ratio for 4 hours in the presence of different glucose
concentrations (named ‘killing condition’) as indicated in the
figures. Specific cytotoxicity was calculated as follows: (% dead
tumor cells - % spontaneous tumor cell death)/(100% - %
spontaneous tumor cell death) x100.

Staining and Flow Cytometry
After a 4-hour cytotoxicity assay, cells were washed with PBS
(Gibco) and stained for dead cells using Live/Dead® Fixable
Aqua Dead Cell Stain Kit (Molecular Probes™) for 30 minutes
on ice in the dark. Cells were further washed with PBS buffer
(PBS, 1% FCS) and fixed with 1% paraformaldehyde in PBS
solution. For NK cell phenotyping, expanded NK cells were
harvested after culturing in either 500, 2000, or 4000 mg/L
glucose for 4 days. Subsequently, NK cells were washed in PBS
and first stained for dead cells using Live/Dead® Fixable Aqua
Dead Cell Stain Kit (Molecular Probes™) for 30 minutes on ice
in the dark, and subsequently stained for the following surface
markers for 30 minutes on ice and in the dark: CD3-APC-
Vio770, -VioBlue or -PerCP-Vio700; CD56-PE-Vio770
or -APC-Vio770; KIR2DL2/3-PE; KIR3DL1-PerCP; NKG2A-
APC; KIR2DL1-FITC; NKp30-PE-Vio770; NKp44-VioBright;
NKp46-PE; NKG2D-APC; PD1-VioBright; DNAM1-PE; CD96-
PE-Vio770; NKG2C-APC; LAG3-VioBlue; TIM3-APC; TIGIT-
PE. FMOcontrols were stained for Live/Dead, CD3 andCD56. All
antibodies were purchased from Miltenyi Biotech. All flow
cytometric analyses were performed with BD FACS Canto II.
Data were analyzed with FlowJo 10.1r5 64-bit software.

ELISA Assay
Supernatants of the cytotoxicity assays were collected and
analyzed for IFN-g levels using the PeliKine compact™ ELISA
kit (Sanquin). The samples were thawed at room temperature
and diluted 1:2 before use. ELISA assays were performed
according to the manufacturer’s instructions.

Statistical Analysis
All statistical analysis was performed with GraphPad Prism 8.3
(GraphPad Software Inc, San Diego, CA, USA) using non-
parametric paired t-test (Wilcoxon matched pairs test) for
figure 2A or 2-way ANOVA when comparing multiple groups.
* indicates a p-value of <0.05, ** indicates a p-value of <0.01.
RESULTS

Glucose Concentrations in the BM of MM
Patients Are on Average Lower Than
Normal Blood Glucose Levels
To get an indication of glucose levels in the bone marrow (BM),
glucose levels were measured in BM samples from MM patients.
The glucose concentration in the BM of MM patients ranged
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between 479 to 1231 mg/L (mean = 731.8 mg/L, SD = 247.6).
Compared to normal glucose levels in peripheral blood, which
are < 1100 mg/L (<6.1 mmol/L) fasting or <1400 mg/L (<7.8
mmol/L) random (27), 6 of 9 MM patients had lower glucose
levels with the lowest concentration reported here being twice as
low as normal blood glucose levels (Figure 1).

Relatively Low Glucose Concentrations
Present During Killing Do Not Affect NK
Cell Killing Capacity While High Glucose
Reduced Killing Efficacy
Glucose has been described to be an important fuel for NK cells.
Therefore, we tested the effect of the glucose levels as observed in
BM of MM patients, the glucose levels in normal blood, and the
glucose levels used in culture media on the cytotoxic capacity of NK
cells derived from healthy donors. We activated NK cells overnight
with 1000 U/mL IL-2 in standard RPMI-1640 medium containing
2000 mg/L glucose and then used the NK cells in a 4-hour
cytotoxicity assay against K562 cells at 500, 1000, 2000, or 4000
mg/L glucose. In the presence of 1000mg/L, which is representative
for the glucose concentration in blood, NK cells killed 19% of K562
cells on average. The presence of 500 mg/L glucose (representing
the low range of MM BM) during the cytotoxicity assay did not
negatively affect the killing capacity of IL-2 activated NK cells as
compared to conditions with 1000 mg/L, representing blood
glucose, or 2000 mg/L, which is present in standard culture
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media (Figure 2A). Higher glucose concentration of 4000 mg/L,
as used in high glucose culture media, reduced the cytotoxicity of
NK cells to 5.5% on average as compared to 500 mg/L, 1000 mg/L
and 2000 mg/L glucose (p= 0.06) (Figure 2A).

Because NK cells could be exposed for a longer period to the
BM glucose levels while traveling through the BM, we
investigated whether overnight exposure to different glucose
concentrations affected NK cell cytotoxicity. The exposure to
500 mg/L up to 4000 mg/L glucose during overnight incubation
(named ‘culture condition’) did not result in a lower cytotoxicity
against K562 cells regardless of the glucose concentrations
present during the killing process (named ‘killing condition’)
(Figure 2B). After observing a reduction in NK cell-mediated
killing with 4000 mg/L glucose in Figure 2A, we included an
even higher glucose concentration of 8000 mg/L for overnight
culture. In the presence of this extremely high glucose, NK cell
cytotoxicity was reduced to less than 5% in all killing conditions
(Figure 2B). This reduction in NK cell cytotoxicity was unlikely
due to high osmolarity caused by the high glucose levels as we did
not see a reduction in NK cell cytotoxicity when NK cells were
cultured in the presence of 1000 mg/L glucose and 7000 mg/L
Mannitol (Supplementary Figure S1).

In summary, these results showed that the presence of 500
mg/L glucose, representative for the rather low glucose
concentration in BM of MM patients, during the process of
killing or during overnight incubation did not reduce the NK cell
tumor-killing capacity in our in vitro setting. Quite the opposite,
the presence of higher levels glucose concentration during killing
or overnight activation (4000 and 8000 mg/L) diminished NK
cell cytotoxic capacity.

Expanded NK Cells Exposed to Relatively
Low Glucose Levels Remain Effective
Against Tumor Cells
Clinical application of NK cells might require ex vivo NK cell
expansion to reach the large numbers of NK cells needed for NK
cell infusions. As this expansion may also metabolically change
the cells, we investigated how the killing capacity of expanded
NK cells was affected by short-term exposure (4 hours, killing
condition) or long-term exposure (4 days, culture condition) to
glucose levels ranging between 500 mg/L and 4000 mg/L.

With 2000 mg/L glucose present during the cytotoxicity
assay, expanded NK cells killed on average 49.5% K562 cells.
RPMI-8226 cells, a MM cell line, were more resistant to NK cell-
mediated killing than K562 cells and 26.6% RPMI-8226 cells were
killedonaverage at 2000mg/L glucose.Compared to this condition
with 2000 mg/L glucose, the average cytotoxic potential of
expanded NK cells against K562 and RPMI-8226 cells was not
altered when NK cells were exposed to 500 mg/L or 4000 mg/L
glucose during the killing process (Figures 3A, B). This result
indicated that short exposure to varying glucose concentration did
not influence the cytotoxic potential of expanded NK cells and
differed from the freshly isolated NK cells that seemed to have
reduced cytotoxicity with 4000 mg/L glucose during killing
(Figure 2).

Next, we examined the effect of a four-day exposure to the
different glucose concentrations on NK cell cytotoxicity.
FIGURE 1 | Glucose concentration in the BM of MM patients. BM samples
from newly diagnosed MM patients were collected and glucose
concentrations were determined using biochemical analyzer (YSI). Grey bar
indicates the reference value range for normal fasting blood glucose (4.4 – 6.1
mmol/L or 820 – 1100 mg/L up to 1400 mg/L postprandial). n = 9 subjects.
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Compared to the culture condition of 2000 mg/L glucose, the
average cytotoxicity of both K562 and RPMI-8226 was around
10% lower when NK cells were cultured in 500 mg/L glucose,
however this did not reach significance. The average cytotoxicity
of NK cells cultured in 4000 mg/L was not different from the
culture condition with 2000 mg/L (Figures 3A, B). The NK cell
viability remained the same in all conditions when NK cells were
cultured in 500, 2000, or 4000 mg/L for 4 days (Supplementary
Figure S2A). Despite some donor variation, expanded NK cells of
all donors maintained their cytotoxic capacity largely independent
of the glucose concentration present during 4-day culture.

Besides production of cytotoxic granules, NK cells are known
for their secretion of inflammatory cytokines such as IFN-g and
TNFa. NK cell-derived IFN-g has multiple functions including
support of antigen presentation and induction of a Th1 response,
which is important for polarizing an adaptive immune response
against tumor cells (28). To investigate if the secretion of IFN-g
was influenced by the different glucose levels, the supernatants of
NK- and tumor cell co-cultures were analyzed for IFN-g
secretion by ELISA. Cultured in the normal culture condition
with 2000 mg/L glucose, expanded NK cells secreted on average
329 pg/mL IFN-g with K562 cells as target cells and 23 pg/mL
with RPMI-8226 as target cells, showing that K562 induced a
much more potent IFN-g response in NK cells than RPMI-8226
cells (Figures 3C, D). Without target cells, expanded NK cells
did not secrete IFN-g (Supplementary Figure S2B). The average
level of IFN-g production was comparable for all the tested
glucose levels during the short-term co-culture with tumor cells.

Compared to the 4-day culture condition with 2000 mg/L
glucose, the average IFN-g secretion remained constant when the
expanded NK cells were exposed to 500 mg/L or 4000 mg/L for 4
days. This was found for both target cell lines K562 and RPMI-
8226. These data showed that a potent IFN-g response,
comparable to the amount secreted with 2000 mg/L glucose,
was still observed independent of the glucose concentration
during short- or long-term culture.
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During ex vivo expansion, NK cells frequently alter their
phenotype resulting in high NKG2A expression and low
expression of killer-cell immunoglobulin-like receptors (KIRs).
To test if the NK cell phenotype changed by culturing in low or
high glucose during the 4-day culture period, NK cells were
stained for several surface markers. The gating strategy is shown
in Supplementary Figure S3. The activating receptors NKp30,
NKp46, DNAM1 and NKG2C are constitutively expressed
on NK cells with NKG2C being expressed on a subset of NK
cells. NKp44 and CD96 expression are induced upon activation
(29). After expansion of NK cells in the presence of IL-2, the NK
cells had a highly activated phenotype and expressed all seven
activating receptors (Figures 4A, B). With 86%, the majority of
expanded NK cells was NKG2A positive and on average 10-18%
of the NK cells expressed one or multiple KIR receptors (Figures
4C, D). Moreover, extensive cytokine activation of NK cells can
lead to expression of exhaustion markers. The NK cells expressed
TIM3 and TIGIT but only low levels of PD1 and LAG3 after
expansion with IL-2 (Figures 4E, F). Expression of all
investigated surface molecules was irrespective of the glucose
concentrations present during culture, resulting in NK cells with
a rather activating phenotypic profile.

In summary, the effector functions and the phenotypic profile
of expanded NK cells were not influenced by variation in glucose
levels during the killing process or during culture. Follow up
studies that take multiple other TME factors and nutrient state
into account, could be useful to further determine the impact of
glucose on NK cells.
DISCUSSION

To date, not much is known about glucose concentrations in the
BM. As glucose is the primary fuel for NK cells, we aimed to gain
more insight on the effect of glucose levels in the TME of MM on
overnight cytokine-activated or ex vivo expanded NK cells and
A B

FIGURE 2 | Short-term exposure to lower glucose concentrations does not reduce NK cell cytotoxicity while higher glucose levels reduce NK cell cytotoxicity. (A) NK cells
were overnight activated with IL-2 in standard RPMI-1640 medium with 2000 mg/L glucose, followed by a 4h cytotoxicity assay with K562 cells at 1:1 E:T ratio in different
glucose concentrations (killing condition). (B) NK cells were cultured in different glucose concentrations overnight (culture condition) in presence of IL-2, followed by a 4h
cytotoxicity assay with K562 cells at 1:1 E:T ratio in different glucose concentrations (killing condition). Tumor cells killed by NK cells are denoted as percentage specific
cytotoxicity. Bars show the average of n=5 donors in 3 independent experiments. Each dot represents the average of a technical duplicate. *p < 0.05. ns, not significant.
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their antitumor response. First, we showed that glucose
concentrations in the BM of MM patients with active disease
were, in most cases, lower than normal blood glucose levels.
Since we included only 9 patients in our study, our observation
should be confirmed in a larger cohort. With this new insight on
glucose concentrations in BM, we tested the effect of different
glucose levels on freshly isolated- or expanded NK cells in vitro.
As lowest glucose concentration we chose 500 mg/L since this
represents the lower limit of BM glucose concentrations in MM
patients. We observed that short-term exposure to 500 mg/L
glucose did not have a detrimental effect on the killing capacity of
overnight-activated NK cells. This may be because glucose was
not completely depleted. 500 mg/L glucose is half of the normal
concentration found in blood, where NK cells are known to be
potent killers. Moreover, the majority of NK cells in the assays
were CD56 dim NK cells. Both human NK cell subsets are
functionally different and have been shown to possess different
metabolic requirements as well: CD56 bright NK cells, which are
the main cytokine producers have been shown to have a higher
rate of glucose uptake and they appear to be metabolically more
active than CD56 dim NK cells upon cytokine stimulation (25).
Therefore, CD56 bright peripheral blood NK cells may be more
likely to suffer more from the restricted glucose in the environment
Frontiers in Oncology | www.frontiersin.org 613
than the CD56 dim subset. In addition, during activation, NK cells
are able to performmetabolic reprogramming and upregulate both
glycolysis and OxPhos (30). Since we used high dose IL-2 activated
NKcells, these cells couldhavebecomemore or less independenton
the availability of glucose.UnlikeTcells that aremore dependent on
glucose availability tobecomeactivated,NKcellsmight be thebetter
tumor cell killers in the area where low glucose concentrations are
located.Moreover, to fully concludewhether thiswould also be true
for solid tumors, the glucose levels shouldbe reduced even further as
glucose levels in solid tumors can be much lower than 500 mg/L
(17). In addition, it would be interesting to further evaluate whether
our findings are also true in a situation where not only glucose is
reduced, but also other nutrients are limited.

Interestingly, high glucose concentrations of 4000 mg/L and
evenmore obviouswith 8000mg/L glucose did result in a reduction
of NK cell cytotoxicity in our study. This observation was highly
unlikelydue tohighmolarity sincewedidnot observe the effectwith
mannitol. Our finding was in line with a previous study on
unactivated human NK cells showing that short-term exposure of
NK cells to 8000 mg/L glucose led to inhibition of NK cell
cytotoxicity, probably due to an increase in intracellular calcium
ion concentration to such high levels that it inhibited cytotoxic
efficiency (31, 32).
A B

C D

FIGURE 3 | Short-term and long-term exposure to low or high glucose levels do not reduce effector functions of expanded NK cells. NK cells were expanded with
2000 mg/L glucose and subsequently cultured in different glucose concentrations for 4 days (culture condition) followed by a 4h cytotoxicity assay (killing condition)
with K562 cells or RPMI8226 cells at 1:1 E:T ratio in different glucose concentrations. Tumor cells killed by NK cells are denoted as percentage specific cytotoxicity
(A, B). After the co-culture with tumor cells, supernatants were collected and analyzed for secretion levels of IFNg by ELISA (C, D). Bars show the average of n=5-6
donors in individual experiments. For none of the conditions a p-value <0.05 was observed.
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Many clinical protocols, aiming atNKcell infusion as amean for
cancer immunotherapy, will require infusion of extremely high
numbers of NK cells, which necessitates ex vivoNK cell expansion.
We therefore anticipated that this expansion period could provide
anopportunity toeitherprimeNKcells for themetabolic conditions
in the tumor or enhance their function or persistence by interfering
with their metabolic programming. For these experiments, we
again chose 500 mg/L glucose as low, 2000 mg/L as normal, and
4000 mg/L as high glucose concentration, representing the in vivo
BM concentrations in MM patients, glucose concentrations in
standard-, and in high glucose culture media, respectively. Our
data with IL-2 expanded NK cells implied that a period of
acclimatization to a higher glucose concentration did not result in
an altered NK cell cytotoxic capacity. Additionally, a period of
acclimatization to a lower glucose level for 4 days after expansion
did not reduce NK cell-mediated killing. For murine tumor-
infiltrating T cells, it has been shown that inhibition of glycolysis
during the ex vivo expansion could prime T cells towards enhanced
persistence and overall anti-tumor response upon transfer into
tumor-bearing immunodeficient mice (33). In human NK cells
expanded with membrane-bound IL-21 K562 feeder cells, highly
functional licensed NK cells used both glycolysis and OxPhos and
had a greater glycolytic capacity than less functional, unlicensedNK
cells that relied on OxPhos alone (34). Inhibition of NK cell
cytotoxicity in highly functional NK cells was only observed after
vigorous glucose deprivation and the use of metabolic inhibitors
Frontiers in Oncology | www.frontiersin.org 714
overnight (34). This provides the functional NK cells with a greater
flexibility to generate energy and indicates that the cytotoxic
functions can be independent of the available glucose levels. We
also found that the IFN-g response of the expandedNKcells during
a 4h cytotoxicity assay was largely unaffected by the glucose
concentrations that we tested. A previous study using murine NK
cells showed that inhibition of glycolysis reduced IFN-g production
by NK cells when triggered by engagement of activating receptors
while cytokine (IL-12/IL-18)-induced IFN-g production remained
unaffected by inhibition of glycolysis (23). Similar to murine NK
cells, human cytokine-activated NK cells continued to produce
IFN-g when exposed to short-term glucose deprivation of 4 hours
(35) or long-term low glucose levels (as low as 0.01 mM) for two
days (36). However, CD56brightNK cells showed a defective IFN-g
production when the glycolysis rate was limited for a period of 18
hours (25) underlining the difference between CD56dim and
CD56bright NK cells.

In our study, we observed a rather small reduction in glucose
availability in the BM of MM patients as compared to normal
peripheral blood values but we did not determine availability of
other nutrients in the MM patients. In our in vitro assays, we
reduced the amount of glucose, while other nutrients could
contribute to NK cell efficacy as well. Glucose has been
described as the key metabolic fuel for NK cells [summarized
in (37)], but further research would be required to determine if a
small reduction in glucose availability might have more impact in
A C E
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FIGURE 4 | Phenotype profile of expanded NK cells is not altered by long-term exposure to low or high glucose levels. NK cells were expanded with 2000 mg/L
glucose and subsequently cultured in different glucose concentrations for 4 days (culture condition). NK cells were stained with antibodies against activating
receptors (A, B), inhibitory receptors (C, D) and exhaustion markers (E, F) and analyzed by flow cytometry. Bar graphs (A, C, E) depict the average expression of
n=2 donors for NKG2C, TIM3, TIGIT and n=5 donors for all other markers, error bars indicate SD. FMO values were subtracted from MFI expression values.
Representative histograms (B, F) or dot plots (D) of one donor are shown with the FMO of one of the three glucose concentrations as FMOs overlapped tightly
(Supplementary Figure S3).
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combination with other nutrient deficiencies, such as glutamine,
or other TME factors that may suppress NK cell effector function
or alter NK cell metabolism.While NK cells do not use glutamine
as fuel for OxPhos, glutamine deficiency can impair NK cell
functions due to the loss of the transcription factor cMYC (26).
Alternatively, the combination with TGF-b, frequently present in
the MM TME (38), may enhance the effect of limited glucose as
TGF-b has been shown to reduce the NK cells level of OxPhos
and glycolysis (39). Hypoxia is another TME factor that can limit
NK cell functions. We have previously shown that IL-2 activated
NK cells retain their cytotoxic capacity when exposed to hypoxia
(9). However, a shift towards glycolysis is expected when oxygen
is low and it is therefore important to study the effects of varying
glucose concentrations on activated NK cells in models
resembling a complex TME including factors like hypoxia and
altered levels of nutrients other than glucose.

Even thoughwe show that activated and expandedNK cells can
cope with a low glucose environment, combination therapy should
be considered to achieve betterNK cell efficacy inMMpatients.We
havepreviouslydescribedseveral strategies howtheNKcellpotency
could be enhanced e.g. by the combination with monoclonal
antibodies such as Daratumumab (40). Other options could
include targeting of the TME to create a less NK cell suppressive
TME. In MM, inhibitors of mechanistic target of rapamycin
(mTOR) are tested to target the metabolism of MM cells and its
TME cells that overexpress mTOR (41, 42). Dual inhibitors
targeting mTORC1/mTORC2 could potentially be an interesting
drug to slow tumor cell growth incombinationwithNKcell transfer
to kill tumor cells. However, mTOR inhibitors can also suppress
immune cells (22, 43) and combination therapy approaches should
be tested in carefully designed studies as timingof the drugs andNK
cell infusion may be very important. Alternatively, it would be
relevant to explore in further studies whethermanipulatingNK cell
metabolism during ex vivo expansion could be used to potentiate
NK cell effector function in the MM TME.

In conclusion, our current findings showed that exposure to a
relatively low glucose concentration, as found in the BM of MM
patients, for either short-term or long-term culture did not have
a detrimental effect on the NK cell cytotoxic capacity against
tumor cells in our in vitro setup. Our data suggests that IL-2
activated and expanded NK cells could be well suited to function
in a tumor environment where glucose availability is limited.
Although this i s posi t ive news for NK-cel l based
immunotherapy, future studies are needed to investigate if
these observations also hold true for the in vivo situation in
patients with MM or other cancers.
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China, 2 School of Medicine & Holistic Integrative Medicine, Nanjing University of Chinese Medicine, Nanjing, China,
3 Acupuncture and Tuina College, Nanjing University of Chinese Medicine, Nanjing, China, 4 Key Laboratory of Acupuncture
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Multiple myeloma (MM) is a hematological malignancy worldwide in urgent need for novel
therapeutic strategies. Since Velcade (bortezomib) was approved for the treatment of
relapsed/refractory MM in 2003, we have seen considerable improvement in extending MM
patient survival. However, most patients are fraught with high recurrence rate and
incurability. Acupuncture is known for alleviating patient symptoms and improving the
quality of life, but it is not well investigated in MM, especially in combination with bortezomib.
In this study, we employed LC-MS and UHPLC-MS together with bioinformatics methods
to test serum samples from 5TMM3VTMMmurinemodel mice with four different treatments
[control (C) group, bortezomib (V) treatment group, acupuncture (A) group, and combined
(VA) group]. MMmice in group VA had longer survival time than mice in group A or group V.
Joint pathway analysis indicated the underlying arginine and proline metabolism pathway
among the 32 significantly decreased metabolites in group VA. CCK-8 assay and in vivo
experiments validated that ornithine, the metabolite of arginine, promoted MM cell
proliferation. In addition, gene expression omnibus (GEO) database analysis suggested
that MM patients with higher ornithine decarboxylase 1 (ODC1) expression were evidently
associated with poor overall survival. In summary, this study demonstrates the synergistic
effects of acupuncture and bortezomib on extending the survival of MM model mice and
provides potential therapeutic targets in the treatment of MM.

Keywords: ornithine, metabolomics, multiple myeloma, acupuncture, ODC1
Abbreviations: 3D, Three-dimensional; A, Acupuncture; APEX, the Assessment of Proteasome Inhibition for Extending
Remissions; C, Control; CCK-8, Cell counting kit-8; ESI, Electron spray ionization; FC, Fold Change; GEO, Gene expression
omnibus; GEP, Gene expression profiling; IMWG, International myeloma working group; IS, Internal standards; KEGG,
Kyoto Encyclopedia of Genes and Genomes; LC-MS, Chromatography–mass spectrometry; MGUS, Monoclonal gammopathy
of undetermined significance; MS, Mass spectrometric; NCCN, National comprehensive cancer network; NP, Normal plasma;
ODC1, Ornithine decarboxylase 1; OPLS-DA, Partial Least Squares Discrimination Analysis; OS, Overall survival; PCA,
Principal component analysis; rpm, Rotations per minute; RT, Retention time; SMM, Smoldering myeloma; TIC, Total ion
current; TT2, Total therapy 2; V, Bortezomib; VA, Acupuncture combined with bortezomib; VIP, Variable importance in
the projection.
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INTRODUCTION

Multiple myeloma (MM) is a hematological malignancy with clonal
proliferation of abnormal plasma cells in the bone marrow (1, 2).
According to the statement of internationalmyelomaworking group
(IMWG), there were nearly 159,985 new MM patients diagnosed
annually worldwide. About 1% of patients with monoclonal
gammopathy of undetermined significance (MGUS) progressed to
MM every year (3, 4). In 2003, Velcade (bortezomib for injection)
was approved by the US Food and Drug Administration for the
treatment of relapsed/refractory MM as the first proteasome
inhibitor (5). The latest clinical MM therapy is a new
immunomodulatory therapy using chimeric antigen receptor T
cells, bispecific T cell conjugates, and immune checkpoint
inhibitors (6). Although the therapeutic armamentarium for MM
has continued to evolve (7–14),MMstill possesses the characteristics
of high relapse and incurability. It is necessary to explore more
effective therapies to improve MM prognosis significantly.

In the national comprehensive cancer network (NCCN) (15),
adult cancer pain clinical guidelines recommend acupuncture
as a comprehensive treatment option in combination with
pharmacologic interventions. Nowadays, acupuncture, especially
serving as a non-drug alternative to control symptoms, has become
apopularadjuvant therapy incancer treatment (16,17).Manyclinical
cases reported that thecombinationofacupunctureandmedicinenot
only delayed the disease progress (18), reduced the dosage (19), and
minimized the side effects of the drug (20), but also relieved the pain
caused by the diseases (21, 22). Therefore, the combined application
of acupuncture andbortezomib inMMmight have broadprospect in
alleviating patient symptoms and improving the quality of life.

SinceWarburg andCori demonstrated that cancer cells increased
glucose uptake and the fermentation of glucose into lactic acid to
promote cellular growth, survival, and proliferation (termed
“Warburg effect”) in the 1920s (23), metabolic reprogramming
was deemed as one of the main hallmarks and adaptive
phenotypes exploited by tumor cells during all the tumor growth
and metastatic progression (24), such as abnormal glucose
metabolism in colorectal cancer (25), acute myeloid leukemia
accompanied by abnormal glycolysis (26), lipid metabolism
disorders in hepatocellular carcinoma (27), and cytochrome P450-
derived arachidonic acid metabolism in pheochromocytoma (28).
Modern metabolomics techniques utilize nuclear magnetic
resonance or chromatography mass spectrometry to detect
differential metabolites in serum and analysis of metabolic profiles.

To explore the effects of acupuncture combined with bortezomib
(VA) in MM and the underlying potential mechanism, we
performed chromatography–mass spectrometry (LC-MS) and
UHPLC-MS together with bioinformatics, joint pathway analysis,
and gene expression profiling (GEP) analysis to determine the
metabolomics in MM serum samples.
METHODS

Chemicals and Reagents
The 5TMM3VT murine myeloma cells were donated by
Professor Wen Zhou from the State Key Laboratory of
Frontiers in Oncology | www.frontiersin.org 218
Experimental Hematology, Department of Hematology,
Xiangya Hospital, Central South University. Velcade
(bortezomib for injection) was purchased from Hansoh
pharma (H20173307, Jiangsu, China). Acetonitrile and
methanol were purchased from Merck, Millipore Ltd
(1.00030.4008, 1.06007.4008, Carrigtwohill, Ireland). Formic
acid, ethyl acetate, trifluoroacetic acid, ammonium acetate, and
L-arginine hydrochloride were purchased from Macklin
Biochemical Co., Ltd (F809712, E809174, T818778, A801000,
L800291, Shanghai, China). The 2-chloro-L-phenylalanine and
dansyl chloride were purchased from Yuanye Bio-Technology
Co., Ltd (B25643, S19248, Shanghai, China). The 1,4-Butane-
1,1,2,2,3,3,4,4-d8-diamine was purchased from Toronto
Research Chemicals (D416027, Canada). Chloroform, sodium
carbonate, sodium bicarbonate, and acetone were purchased
from Lingfeng Chemical Reagent Co. (Shanghai, China).
Ornithine analytical standard was purchased from Solarbio
(SO8470, Beijing, China). RPMI-1640 medium without
arginine was purchased from Sigma-Aldrich (R1780, USA).
Certified fetal bovine serum, RPMI 1640 medium, and dialyzed
fetal bovine serum were purchased from Biological Industries
(05-065-1A, 04-002-1A, 04-011-1b, Kibbutz Beit Haemek,
Israel). Cell counting kit (CCK-8) was purchased from Yeasen
Biotechnology Co., Ltd. (40203ES76, Shanghai, China).

Animal Protocols
All animal procedures were conducted in accordance with
government-published recommendations for the Care and Use
of Laboratory Animals and approved by the Institutional Ethics
Review Boards of Nanjing University of Chinese Medicine. The
experimental mice (C57BL/KaLwRij, 6–8 weeks, 18–20 g) were
purchased from the institute of model animals of Nanjing
University. The experimental mice were housed in the SPF
laboratory animal center of Nanjing University of Chinese
Medicine with 15–25°C ambient temperature and free access to
food and water. After 1 week of adaptive feeding, animal
experiments were started. 5TMM3VT murine myeloma cells
(1×106) were injected via the tail vein into 6-week-old C57BL/
KaLwRij mice. The mice were divided into four groups as
follows: model control (C, only modeling, n=10) group,
bortezomib (V, n=10) treatment group, acupuncture (A, n=9)
treatment group, and VA (n=8) treatment group. One day later,
mice in three treatment groups were treated by different
methods, containing intraperitoneal injection of 1.2 mg/ml V
twice a week or/and electroacupuncture (Model SDZ-II, Suzhou
Medical Appliance Factory, Suzhou, China) stimulation of Hegu
(29) and Zusanli (30, 31) points (2/100 Hz, 2 mA) three times a
week until all the mice were dead.
Serum Sample Collection
Blood was taken from tail vein on Tuesday and Wednesday
during the experimental period. Blood samples of week 4–6 were
mixed in the clean Eppendorf tubes, stored on ice for 2 h, and
centrifuged (5,000 rpm, 10 min) at 4°C. The blood was collected
for separation of serum. Subsequently, the supernatants were
transferred to clean Eppendorf tubes and stored at −80°C.
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Sample Preparation for LC-MS Analysis
All serum samples were thawed on the ice. An aliquot of 45 ml
serum sample was precipitated by adding 135 ml acetonitrile
containing internal standards (IS) [2-Chloro-L-Phenylalanine
(plasma sample-acetonitrile: IS=2,000:1)], vortex for 30 s,
sonicating for 10 min at 4°C, and then stayed for 3 h on ice.
Precipitated protein was removed by centrifugation (13,000 rpm,
10 min) at 4°C. Subsequently, 153 ml supernatant was transferred
to glass inserts of LC-MS vials and stored at −80°C for LC-
MS analysis.

LC-MS Analysis
The LC-300AD LC system (Shimadzu, Japan) coupled to a Triple
TOF™5600 mass spectrometer (AB SCIEX, USA) and operated
in full scan mode was used for untargeted analysis of serum
samples. Each sample was run in duplicate in electron spray
ionization+/− (ESI+/−) modes. An aliquot of 3 ml extracted plasma
sample was injected onto an ACQUITY UPLC HSS T3 C18
(2.1 × 100 mm, 1.8 mm) column (Waters, USA) operating at
40°C. The auto-sampler was conditioned at 4°C. Untargeted
metabolomics were detected as described in a previous study (6).

Raw data files from LC-MS were converted by Analyst®TF 1.7
software and imported into Markview software to match the
peaks and the metabolites identified by mass spectral database of
Dalian Institute of Chemical Physics, Chinese Academy of
Sciences. Mass-to-charge ratio difference less than 0.001 was
regarded as the same substance. Then the dataset of normalized
peak height intensity, retention time (RT), metabolites names,
and sample numbers were analyzed by SIMCA 14.1 software.
SIMCA 14.1 conducted a multivariate statistical analysis of the
principal component analysis (PCA) and orthogonal partial
least-squares discrimination analysis (OPLS-DA) and
permutations. The metabolites with P value < 0.05 and variable
importance in the projection (VIP) of >1.0 were considered as
statistically significant metabolites. The metabolic joint pathway
analysis was carried out on the website visualization tools of
MetaboAnalyst 5.0 (32).

Sample Preparation for
UHPLC-MS Analysis
Five serum samples were randomly selected from group C and
group VA, respectively, and prepared for UHPLC-MS analysis. All
serum samples were thawed on the ice. An aliquot of 50 ml serum
sample was precipitated by adding 5 ml 1,4-Butane-1,1,2,2,3,3,4,4-
d8-diamine and 167 ml methanol, vortex for 1 min, then adding
334 ml chloroform and vortex again for 1 min. Supernatants were
collected by centrifugation (15,000 rpm, 10 min) at 4°C. Then 100
ml sodium bicarbonate-sodium bicarbonate buffer (pH=9) and 50
ml dansyl chloride solution (dissolved in acetone) were added to
the supernatant (33), and stayed for 1 h at room temperature in
dark area. Subsequently, the organic phase was extracted with
acetic ether twice. Notably, trifluoroacetic acid was added before
the second extraction. Finally, the organic phase was transferred to
fresh tube and dried in solvent evaporator (Genevac, UK) at 45°C
for 2 h. The residue was reconstituted in 100 ml of a mixture of
0.2 mol/L ammonium acetate/acetonitrile (3:7, vol/vol) for
UHPLC-MS analysis.
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UHPLC-MS Analysis
Waters iClass UHPLC system (Waters, USA) coupled with a
Triple Quad™ 6500+ (AB SCIEX, USA) was applied for targeted
metabolomics analysis. An aliquot of 1 µl sample solution was
injected onto Ultimate XB-AQ chromatographic column
(100 mm × 2.1 mm, 3 mm) maintained at 40°C. The auto-
sampler was conditioned at 4°C. For carrying out analysis, the
mobile phase was composed of A (0.1% formic acid in water) and
B (acetonitrile acidified by 0.1% formic acid) with different
concentration gradient. The flow rate was 0.4 ml/min. Mass
spectrometric (MS) parameters were applied as follows:
ionization temperature 450°C, ion-source gas 1 pressure 55 psi,
ion-source gas 2 pressure 55 psi, curtain gas pressure 40 psi, and
ion-source voltage 5,500 V.

Cell Proliferation Assay
Cell growth was evaluated by using CCK8 assay according to the
method described in the literature (34). Cells were cultured for 24 h
with dialyzed fetal bovine serum and RPMI-1640 medium without
arginine, thenseededatadensityof1,500cells/well in96-wellplates.
MMcellswere culturedwithdifferent concentrationsof arginine for
24 and 72 h. And 10 µl CCK8 was added to each well for 3 h before
detection. The absorbance was measured at A450 nm with a
microplate plate reader (Thermo Fisher Scientific, Inc., USA).

Statistics Analysis
Survival analyses were made by using the Kaplan Meier method.
Statistical analyses were performed by using GraphPad Prism 8
software. The statistical results were conducted with Log-rank
(Mantel-Cox), and value of P< 0.05 was regarded as a significant
difference (*P<0.05, **P<0.01, ***P<0.001).

RESULTS

Efficacy Evaluation of VA Treatment in
5TMM3VT Myeloma Mice
The MM mouse model was established by tail vein injection of
5TMM3VT murine myeloma cells (Figure 1A) and subjected to
four different groups: only modeling (group C), bortezomib
treatment (group V), acupuncture treatment (group A), and
combination therapy (group VA). As Figure 1B shows, the
survival rates of myeloma mice in group V (median time of 73.5
days) and A (median time of 67 days) were evidently improved
compared with the group C (median survival time of 47 days).
Intriguingly, the median survival time of themyelomamice treated
with VA significantly prolonged to 79 days, and in the sixth week
after modeling, the survival curves began to show significant
differences between the group VA and the group C (Figure 1C).

Serum Metabolic Profiling Reveals
Significant Differences Among MM Mice in
Different Treatment Groups
Serum was collected from the myeloma mice in each group, which
was used to examine the characteristics of metabolites by LC-MS.
The results showed that the peak patterns of total ion current (TIC)
obtained in ESI+ (Figures 2A–D) and ESI− (Figures 2E–H) modes
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were distinctly different. The serum metabolites of the MMmice in
each group were well separated under the same detection mode.
Within 5~13 min of the injection, there were significant differences
between group C and groups A, V, or VA.

The principal component analysis (PCA) was used to reflect
the degree of dispersion among the four groups. Differences and
changes in metabolic profiles of MM mouse serum from each
group were evaluated by PCA in ESI+ (Figure 3A) and ESI−

(Figure 3B) modes. The results displayed a significant separation
of serum samples from mice in the four groups with good
clustering of samples within groups (Figures 3A, B), as well as
the three-dimensional (3D) scatter plot (Figures 3C, D).

The orthogonal partial least-squares discrimination analysis
(OPLS-DA) model of serum metabolomics from myeloma mice
showed the significant differences in group V, A, or VA compared
with group C in both ESI+ (Figures 4A, C, E) and ESI−

(Figures 4G, I, K) modes. In addition, all the permutation test
results indicated that the fitted model was reliable (Figures 4B, D,
F, H, J, L). The differential metabolites that satisfied the criterion
Frontiers in Oncology | www.frontiersin.org 420
(VIP >1.0 and P value <0.05) were considered as significantly
different substances. There were 97 different substances in the
serum of group V compared with group C, including 64
upregulated and 33 downregulated substances (Figures 4A, B,
G, H). There were 151 different serum substances between group
A and group C, with 113 upregulated and 28 downregulated
substances (Figures 4C, D, I, J). Importantly, we found 174
different substances in the serum of group VA in comparison
with group C, including 102 upregulated and 72 downregulated
substances (Figures 4E, F, K, L).

Ornithine Acts as a Therapeutic Target of
VA Treatment in MM Mice
To narrow down the potential therapeutic targets, all the
significantly different substances from each comparison groups
were collected to plot Venn diagrams. Excluding the intersection,
there were 20 upregulated (Figure 5A and Table 1) and 32
downregulated (Figure 5B and Table 2) distinct metabolites in
the serum of group VA. Subsequently, MetaboAnalyst 5.0 was
A

B

C

FIGURE 1 | Efficacy evaluation of VA treatment in 5TMM3VT myeloma mice. (A) Animal model and blood collection. (B) Survival curve of group C, V, A, and VA.
(C) Survival curve of group C vs VA.
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FIGURE 2 | Typical chromatograms of TIC in serum samples. TIC of group C (A), V (B), A (C), and VA (D) in ESI+ mode. TIC of group C (E), V (F), A (G), and VA
(H) in ESI− mode.
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used to analyze the joint pathways of differential metabolites in
ESI+ (Figure 5C) and ESI− (Figure 5D) modes, respectively. In
Figure 5D, the main pathway of arginine and proline metabolism
was involved in the serum of group VA with impact 0.20964 (−log
(P)=4.6259). Ornithine and arginine were major metabolites in
arginine and proline metabolism pathway.

Cluster analysis and heatmap showed that both ornithine
(median of m/z=133.1057307) and arginine (median of m/
z=347.2197103) were significantly decreased in the serum of
group VA compared with group C (Figure 5E). To a large
degree, these data illustrated that VA treatment inhibited
arginine and proline metabolism pathway, thus causing
arginine and ornithine reduction. Additionally, ornithine was
also involved in the regulation of the glutathione metabolic
Frontiers in Oncology | www.frontiersin.org 622
pathway (−log(P)=41.4122) in Figure 5D. These results
suggested that ornithine might be a therapeutic target of VA
treatment in MM.

VA Treatment Decreases Ornithine
Concentration in the Serum of MM Mice
To further prove the above data, we conducted targeted
metabolomics to detect ornithine concentration in the serum
of MM mice. The chromatogram revealed a characteristic peak
of ornithine standard at 3.76 min after injection (Figure 6A).
In Figure 6B, according to the linear standard curve (r=0.99796),
ornithine content in the serum samples of group VA (Average
concentration of 7,333.33 ng/ml) was decreased by 73.36%
compared with the group C (Average concentration of
A

B

C D

FIGURE 3 | PCA score plot based on the data of ESI+/− modes. (A) PCA score plot of all groups in ESI+ mode. (B) PCA score plot of all groups in ESI− mode.
(C) 3D scatter plot of all groups in ESI+ mode. (D) 3D scatter plot of all groups in ESI- mode.
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FIGURE 4 | OPLS-DA score plot based on the data of ESI+/− modes and validations of OPLS-DA models by 200 permutation tests. In ESI+ mode: (A, B) group C vs
group V, (C, D) group C vs group A, (E, F) group C vs group VA. In ESI− mode: (G, H) group C vs group V, (I, J) group C vs group A, (K, L) group C vs group VA.
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1,953.33 ng/ml) (Figure 6C); however, it didn’t reach statistical
difference due to the relatively small sample size in each group
and large individual variation. In agreement with previous results
of untargeted metabolomics, these data confirmed that VA
treatment decreased the level of serum ornithine.

Arginine and Its Metabolite Promote MM
Cell Proliferation
Arginine is a semi-essential amino acid that can be metabolized
into ornithine, which is a non-essential amino acid (Figure 6D).
We further assessed the effect of supplying extra arginine on
MM cell proliferation by using CCK8 assay. As shown in
Frontiers in Oncology | www.frontiersin.org 824
Figures 7A–D, the viability of human ARP1, H929, OCI and
mouse 5TMM3VT cells was significantly increased upon serial
concentration of arginine (5 nM~5 mM) treatment for 72 h,
suggesting that VA treatment could regulate arginine and its
metabolites to promote MM cell proliferation.
Elevated Ornithine Decarboxylase 1
Expression Is Associated With Poor
Prognosis in MM
To gain further insights into the deregulated ornithine, we also
explored the relationship between ODC1 known as the coding
A B

C

D

E

FIGURE 5 | Ornithine is a therapeutic target of VA treatment in MM mice. (A) Venn diagram displaying the 20 upregulated distinct metabolites in the serum of Group
VA. (B) Venn diagram displaying the 32 downregulated distinct metabolites in the serum of Group VA. (C) Summary of joint pathway analysis in group VA with
MetaboAnalyst 5.0. (D) Summary of joint pathway analysis in group VA with MetaboAnalyst 5.0. (E) Heatmap showing arginine and ornithine were downregulated
metabolites in group VA.
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gene encoding ornithine decarboxylase (Figure 6D) and the
prognosis of MM patients. GEP analysis showed that increased
ODC1 expression was associated with poor overall survival (OS)
in MM patients (TT2, GSE2658) (p=0.0002; Figure 7E). This
result was also verified in the APEX phase III clinical trial with
relapsed MM patients (p=0.0009; Figure 7F). Furthermore,
analyses of two gene expression omnibus (GEO) databases,
GSE5900 (p<0.0001; Figure 7G) and GSE6477 (p=0.0350;
Figure 7H), demonstrated that ODC1 mRNA was significantly
increased in MM patients compared with smoldering myeloma
Frontiers in Oncology | www.frontiersin.org 925
(SMM), monoclonal gammopathy of undetermined significance
(MGUS), and normal plasma (NP).
DISCUSSION

Many clinical cases have shown the certain advantages of
acupuncture and medicine combination in the treatment of pain
(18, 19, 21, 22). Acupuncture can increase the number of white
blood cells and alleviate leukopenia induced by radiotherapy (35).
TABLE 2 | Partially* distinct downregulated substances in group VA.

Name m/z P FC VIP

13-Cis-Acitretin 325.1837 0.0033 0.7025 1.4494
2’-Deoxyguanosine-5’-monophosphate 368.0447 0.0017 0.3811 1.5304
2-Phenylacetamide 136.0766 0.0145 0.7426 1.0975
4-Guanidinobutyric acid 144.0681 0.0133 0.3947 1.222
4-Hydroxybenzaldehyde 123.0449 0.0056 0.5706 1.1689
5-Methyluridine 257.0788 0.0245 0.7067 1.1576
7-Ketodeoxycholic acid 441.2529 0.0499 0.6459 1.206
7z,10z,13z-Hexadecatrienoic Acid 249.1856 0.0152 0.7752 1.2389
All-cis-4,7,10,13,16-docosapentaenoic acid 329.2332 0.0403 0.8578 1.0992
Arginine 347.2198 0.0056 0.897 1.3782
Boc-b-cyano-L-alanine 427.1765 0.029 0.7437 1.1536
Cis-8,11,14-Eicosatrienoic acid 305.2477 0.0188 0.8018 1.2626
D-(+)-Octopine 245.1151 0.0209 0.5288 1.1965
Dl-Tyrosine 182.0812 0.01 0.635 1.1161
Glycochenodeoxycholic acid 484.2898 0.0037 0.2768 1.4485
Haloperidol 374.1322 0.0049 0.6947 1.419
Indole-3-pyruvic acid 204.0638 0.0064 0.5987 1.1311
L-Cysteine-glutathione gisulfide 425.0654 0.0291 0.7847 1.087
Mesterolone 305.248 0.013 0.4361 1.0414
Mucic acid 419.0485 0.0018 0.3993 1.5564
N-Acetylaspartate 196.0235 0.0252 0.7582 1.2739
O-Phospho-L-Tyrosine 282.0055 0.0094 0.5057 1.3553
Ornithine 133.1055 0.0333 0.6108 1.0133
Phe-Phe 311.1348 0.0135 0.8143 1.3764
Prostaglandin B2 333.2069 0.006 0.6439 1.385
b-Zearalenol 319.1662 0.0075 0.6886 1.3195
g-Glu-Leu 259.1303 0.0166 0.5956 1.2689
Novembe
r 2021 | Volume 11 | Article
*This table didn’t list five exogenous compounds, namely, diazepam, diltiazem diacetate, diflunisal, oxfendazole, diflunisal.
TABLE 1 | Partially* distinct upregulated substances in group VA.

Name m/z P FC VIP

2’-Deoxyuridine 227.0675 0.0091 1.8167 1.3109
4-Cholesten-3-One 385.3484 0.0093 1.8663 1.2221
Calcifediol 398.3269 0.0057 1.689 1.295
D-Desthiobiotin 215.126 0.0013 1.2113 1.3391
Dimethylallyl pyrophosphate 245.0126 0.0017 2.7971 1.4729
D-Norvaline 118.0868 0.0128 1.6716 1.0571
Hypoxanthine-9-b-D-arabinofuranoside 537.1657 0.0104 1.6909 1.1158
L-Altrose 203.0234 <0.0001 2.262 1.5535
Lasalocid 573.373 0.0474 1.9948 1.2608
Leucine enkephalin amide 553.2763 0.0159 1.821 1.3428
N-Acetyl-D-glucosamine 256.0596 0.0118 1.1686 1.2742
N-Methyl-L-glutamic acid 142.0519 0.0179 2.0681 1.1724
Na-Acetyl-L-arginine 215.1295 0.018 1.3949 1.3476
Taurolithocholic acid 504.273 0.0242 1.6907 1.355
a-Amyrin 409.3784 0.0006 1.6457 1.3498
*This table didn’t list five exogenous compounds, namely, dihydrocapsaicin, benzoic acid, Apramycin, sulfa quinazoline (sulfaquinaoxaline), equol.
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It was reported that acupuncture could reduce lymphedema and
improve dyspnea symptoms in breast cancer patients (36, 37). In
addition, acupuncture inhibits inflammation (38) and relieves
symptoms caused by cancer via modulating vasomotion and
stimulating the vagus nerve to modulate visceral inflammatory
responses (39). Some clinical reports demonstrate that the
acupuncture can be applied for symptom reduction in myeloma
patients, including chemotherapy-induced peripheral neuropathy
(40–42). However, there are few studies using metabolomics
technology to find the therapeutic targets of MM. Our study
first explored the mechanism of VA treatment for MM from the
synergistic effect of VA treatment on MM and verified by in vivo
experiment with metabolomics technology (Figures 1A–C).

We obtained the characteristics of metabolites in serum of
MM model mice with either bortezomib or acupuncture or both
treatments (Figures 2A–H, 3A–D, 4A–L). There were only 20
significantly upregulated metabolites (Figure 5A) and 32
significantly downregulated metabolites (Figures 5B, E) in
group VA compared with control. Among them, ornithine as a
unique downregulated metabolite in group VA was involved in
Frontiers in Oncology | www.frontiersin.org 1026
the arginine and proline metabolic pathway, which showed the
highest influence value (Figures 5C, D). Moreover, ornithine
also participated in the regulation of glutathione metabolic
pathway (43, 44), which may play a role during VA treatment.
Therefore, it was suggested that ornithine might be a promising
biomarker of VA therapy for MM (Figures 6A–C).

Arginine serving as a semi-essential amino acid possesses a
significant impact on carcinogenesis and tumor biology (45), and
it is mostly metabolized to ornithine by arginase (46, 47).
Arginine metabolism is considered to be an important
regulator in controlling immune response (48, 49), inhibiting
antitumor immune response (50, 51), and promoting tumor
development (34, 52). Ornithine is decarboxylated by ODC1 to
produce putrescine, which is the rate-limiting step in polyamine
biosynthesis (53, 54). Combined with cellular proliferation
results (Figures 7A–D), we speculate that inhibiting arginine-
ornithine metabolism can reduce ornithine content, thus
decrease polyamine biosynthesis.

Last but not least, our data revealed that high ODC1
expression was significantly associated with poor prognosis in
A

B

C D

FIGURE 6 | Ornithine concentration is decreased in serum samples of group VA. (A) Characteristic chromatographic peak of ornithine standard. (B) Standard curve
of ornithine in targeted metabolomics. (C) Ornithine concentration in serum samples of group C and VA. (D) The possible mechanism involved in VA treatment.
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FIGURE 7 | Increased ODC1 expression is associated with poor prognosis in MM. (A–D) Arginine and its metabolite promoted ARP1, H929, OCI, and 5TMM3VT
cell proliferation. *P < 0.05. (E, F) High ODC1 expression in MM patients was correlated with poor OS in TT2 cohort, and APEX phase III clinical trial by log-rank test.
(G, H) The mRNA level of ODC1 from NP, MGUS, SMM, and MM was significantly increased in MM samples by ordinary one-way ANOVA test.
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MM patients (Figures 7E–H). In fact, ODC1 is the exclusive
gene encoding the rate-limiting enzyme of the polyamine
biosynthesis pathway, which catalyzes ornithine to polyamines.
Mounting studies reported that ODC1 expression was increased
in many cancers, such as esophageal carcinoma (55), colorectal
cancer (56), hepatocellular carcinoma (57), neuroblastoma (58),
and ovarian cancer (59). Bianchi-Smiraglia A et al. (60)
demonstrated that aryl hydrocarbon receptor (AHR) positively
regulated intracellular polyamine production via direct
transcriptional activation of ODC1 and AZIN1 genes, which
inhibited the aryl hydrocarbon receptor/polyamine biosynthesis
axis to suppress MM progression. Taken together, it may be
concluded that combination of acupuncture and bortezomib can
decrease ornithine and reduce ODC1 to prolong the survival
time of MM. However, more work is needed to further validate
the therapeutic effect of targeting arginine-ornithine metabolism
and interfering ODC1 expression by using RNAi or
difluoromethylornithine, an irreversible inhibitor of ornithine
decarboxylase (61), to improve the effect of MM treatment.

In summary, our study demonstrates that combination of
acupuncture and bortezomib has synergistic effects in the
treatment of MM, which prolongs survival time of MM mice
via decreasing ornithine. Targeting ornithine-mediated
metabolism may be a promising way to benefit MM patients.
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Ferroptosis is a novel characterized form of cell death featured with iron-dependent lipid
peroxidation, which is distinct from any known programmed cell death in the biological
processes and morphological characteristics. Recent evidence points out that ferroptosis
is correlated with numerous metabolic pathways, including iron homeostasis, lipid
metabolism, and redox homeostasis, associating with the occurrence and treatment of
hematological malignancies, such as multiple myeloma, leukemia, and lymphoma.
Nowadays, utilizing ferroptosis as the target to prevent and treat hematological
malignancies has become an active and challenging topic of research, and the
regulatory network and physiological function of ferroptosis also need to be further
elucidated. This review will summarize the recent progress in the molecular regulation
of ferroptosis and the physiological roles and therapeutic potential of ferroptosis as the
target in hematological malignancies.

Keywords: ferroptosis, redox, hematologic malignancies, lipid metabolism, iron homeostasis
INTRODUCTION

Death is an irreversible regulation process in the living cells, and different ways of death relate to the
distinct physiological functions. Cell death is divided into programmed cell death and cell necrosis.
Programmed cell death is an actively induced and tightly controlled process of cell suicide in
response to various signal stimuli. In contrast, cell necrosis is an acute, spontaneous and passive
death caused by unrepairable stress under pathological conditions, such as physical, chemical,
hypoxia, or insufficient energy (mainly ATP) (1–6). When the cell is necrotic, the integrity of the
cytoplasmic membrane is destroyed, and the barrier function to Na+, Ca2+, and water will be lost.
Water flowing into the cell could lead to cytoplasmic swelling and nucleus pyknosis, eventually
leading to cell rupture (7). The most canonical way of programmed cell death is apoptosis, which
relates to cell contraction, chromatin condensation, and the formation of apoptotic bodies. With the
continuous advancement of research on the manner of cell death, it has been found that in addition
to apoptosis, programmed cell death also comprises autophagy, programmed necrosis, pyroptosis,
and ferroptosis. Ferroptosis is a new form of cell death discovered by Stockwell in searching for
small molecules targeted at RAS protein mutations related to cancer. Its morphological
characteristics are different from any known form of cell death, as shown in Figure 1 (8). Iron-
dependent cell membrane lipid peroxidation will lead to ferroptosis. At this time, the cell’s
mitochondrial membrane density will increase, while the mitochondrial cristae will decrease or
disappear, and the mitochondrial outer membrane will rupture, but the nucleus will remain normal
(9, 10). Since ferroptosis was defined as a new form of cell death in 2012, more and more researchers
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https://www.frontiersin.org/articles/10.3389/fonc.2022.834681/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.834681/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:wfeng@bit.edu.cn
https://doi.org/10.3389/fonc.2022.834681
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.834681
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.834681&domain=pdf&date_stamp=2022-01-26


Lan et al. Ferroptosis and Hematological Tumorigenesis
have garnered significant attention on ferroptosis and
continuously identified the correlation of ferroptosis with
cancer and tumor immunity. This review will summarize
recent progress on the regulatory mechanism of ferroptosis and
the pathological manifestations related to ferroptosis and
propose potential treatment strategies.
MECHANISM OF FERROPTOSIS

Lipid Peroxidation Leads to Ferroptosis
The most apparent feature of ferroptosis in cells is lipid
peroxidation. In the process of ferroptosis, the initial and
essential step is that ACSL4, as a member of the acyl-CoA
synthase long-chain family (ACSL) family, specifically catalyzes
polyunsaturated fatty acid (PUFA), such as arachidonoyl (AA)
and adrenoyl moieties (AdA), to form a long-chain acyl-CoA,
namely PUFA-CoA (11). Downregulation of ACSL4 expression
or pharmaco log ica l inh ib i t ion of ACSL4 act iv i ty
(thiazolidinediones or triacsin C, etc.) can prevent ferroptosis
(12–14). Lysophosphatidylcholine acyltransferase 3 (LPCTA3)
then selectively uses phosphatidylethanolamine (PE) or
phosphatidylcholine (PC) located on the endoplasmic
reticulum as the receptor for acylated PUFA to generate
Frontiers in Oncology | www.frontiersin.org 232
PUFA-PE or PUFA-PC (15). Lipids with unsaturated fatty
acids are typical peroxidation targets because carbon-carbon
double bonds are susceptible to reactive oxygen species (ROS).
According to different peroxidation mechanisms, lipid
peroxidation can be divided into enzymatic and non-enzymatic
types. It is currently considered that the enzyme pathway is
mainly accomplished by lipoxygenase (LOX), which is a class of
dioxygenases containing non-heme iron and can directly
catalyze the peroxidation of PUFA-PE (13, 16, 17). Six LOX
species have been identified in the human genome and referred
to as 5-LOX, 12-LOX, 15-LOX-1, 15-LOX-2, 12R-LOX, and
eLOX3 according to their oxidation positions on the
arachidonic acid carbon chain (11, 18). When LOX is
overexpressed, cells appear to be sensitive to ferroptosis,
whereas inhibiting LOX activity, in turn, protects cells from
RSL3-induced ferroptosis (19). The enzymatic lipid peroxidation
is the reaction where enzymes specially select and catalyze
substrates to generate the products. In non-enzymatic lipid
peroxidation, free and unstable ferrous ions react with
hydrogen peroxide to generate ferric ions and strongly
oxidizing hydroxyl radicals (OH.). Hydroxyl radicals abstract
the first hydrogen in the PUFA and form resonantly stable
carbon-centered lipid radical (PUFA-R.), which can react with
molecular oxygen to form lipid hydroperoxyl radical (PUFA-
ROO.). Another hydrogen can be extracted by lipid peroxidation
FIGURE 1 | Morphological Features of different programmed cell death.
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radical from the adjacent unsaturated fat chain, leading to the
formation of lipid peroxides (PUFA-ROOH) and new resonant
carbon center radicals. In this cycle, the chain reaction continues
to proceed and generates new lipid peroxides until the
concentration of PUFA-ROO is high enough for two PUFA-
ROO to contact each other so that a new bond is formed (20–22).
Lipid peroxidation can generate unstable hydroperoxyl groups in
PUFA and promote oxidative truncation of PUFA-ROOH,
creating electrophiles such as aldehydes and Michael receptors.
The electrophilic products then attack proteins on the cell
membrane, causing plasma membrane rupture and cell death
(23, 24).

As a natural fat-soluble antioxidant, a-tocopherol can disrupt
the chain reaction in lipid peroxidation and inhibit ferroptosis,
owing to its high affinity for unpaired electrons (25, 26).
Liproxstatin-1 and ferrostatin-1, two ferroptosis inhibitors
identified by high throughput screening, have the
characteristics of free radical-trapping antioxidants (RTA), and
hence preventing ferroptosis by scavenging free radicals (8, 27,
28). Recent studies have demonstrated that cytochrome P450
oxidoreductase (POR) and cytochrome B5 reductase 1 (CYB5R1)
can transfer electrons from NAD(P)H to downstream proteins
such as cytochrome P450 (CYP), which incorrectly transfer
electrons to molecular oxygen to generate hydrogen peroxide.
The Fenton reaction between hydrogen peroxide and ferrous
ions can induce ferroptosis (29). When intracellular expression
of POR or CYB5R1 was downregulated, the H2O2 content was
reduced, while the cell survival rate was remarkably increased
(29, 30).
Lipid Peroxidation Defense System
As lipid supports the structure of the cell membrane or organelle
membrane, lipid peroxidation can significantly change the
physical properties of the lipid bilayer. As a marker and
necessary prerequisite of ferroptosis, the accumulation of lipid
peroxidation is regulated by various redox systems in cells
(Figure 2) (21).

GPX4-GSH System
As a negative regulator for ferroptosis, GPX4 utilizes two
reduced glutathione molecules (g-glutamyl-cysteinyl-glycine,
GSH) as the electron donor to reduce lipid peroxides (such as
AA-OOH) into corresponding alcohols (AA-OH) and produce a
molecule of oxidized glutathione (GSSG), reducing lipid
peroxidation and preventing ferroptosis (31, 32).

The production of GSH in cells is inseparable from the
system Xc-, a heterodimer composed of SLC3A2 and SLC7A11,
which can execute the antiport of cystine and glutamate on the
cell membrane, namely takes one molecule of cystine into the
cell and releases one molecule of glutamate from the cell (33).
Cystine transported into the cell is rapidly reduced to cysteine,
which is involved in GSH synthesis and other physiological
reactions. The g-glutamylcysteine synthase (g-GCS) performs
the first and rate-limiting step in the process of GSH synthesis:
synthesis of L-g-glutamylcysteine from L-cysteine and L-
glutamate in the presence of ATP, while GSH synthase
Frontiers in Oncology | www.frontiersin.org 333
catalyzes the synthesis of GSH from glycine and g-
glutamylcysteine (34, 35). After erastin treatment, ferroptosis-
inducing agents56 (FIN56) can inhibit GPX4 and cells exhibit
susceptibility to ferroptosis. When GPX4 is overexpressed,
FIN56-induced ferroptosis would be impeded (36). Similarly,
dihydroartemisinin (DHA) can also promote ferroptosis in
glioblastoma through targeted downregulation of GPX4 and
accumulation of lipid peroxidation (37). Albeit GPX4-deficient
hematopoietic stem cells are prone to suffer from ferroptosis in
vitro, GPX4-deficient mice still retain general function, owing
to the antioxidant function of lipophilic vitamin E. Moreover,
GPX4 combined with vitamin E can also prevent hepatocellular
disease (38, 39).

FSP1-CoQ10 System
FSP1-CoQ10 system can antagonize ferroptosis in GPX4-GSH
system-independent mechanism. Doll and Bersuker’s teams
almost simultaneously demonstrated that FSP1 was strongly
associated with ferroptosis (40, 41). FSP1 mainly contains two
distinct structural domains, the N-terminal short hydrophobic
region and FAD-dependent NAD(P)H redox region, and
participates in ferroptosis through reduction of ubiquinone
(also known as coenzyme Q10, CoQ10) and formation of
panthenol (CoQ10H2), which is a reduced form of the fat-
soluble antioxidant ubiquinone and can trap and reduce lipid
peroxidation radicals (42). In addition, the overexpression of
FSP1 in most tumor cells, and the treatment with the inhibitor of
FSP1 (iFSP1), can make cells sensitive to RSL3 (43). Meanwhile,
Bersuker et al. identified that FSP1 was a negative regulator of
ferroptosis in screening for the synthesis of lethal CRISPR-Cas9,
and the localization of FSP1 to the plasma membrane by
myristoylation was necessary for its inhibition of ferroptosis
(31). Subsequent studies demonstrated that FSP1 plays a role
in membrane repair and resistance to ferroptosis in the
panthenol-independent and ESCRT-III-dependent manner
(44). Knockdown of FSP1 inhibits the expression of ESCRT-III
subunits (CHMP5 and CHMP6), but the exact mechanism
remains unclear. Furthermore, mice with knockout of the FSP1
gene did not show any abnormalities before at least one-year-old
(45). In conclusion, promoting ferroptosis in tumor cells via
targeting inhibition of FSP1would be a potential strategy for
cancer therapy. Consistently, the development of FSP1 inhibitors
is also of great significance for clinical research.

GCH1-BH4 System
Human GCH1 is a 270 kD complex composed offive dimers that
catalyzes the conversion of guanosine triphosphate (GTP) to
dihydroneopterin triphosphate (H2NTP), which is the first and
rate-limiting step in the biosynthesis of BH4 (46). H2NTP was
then transformed into BH4 by 6-pyruvoyl tetrahydrobiopterin
synthase (PTS) and sepiapterin reductase (SPR). Kraft found that
GCH1 was related to ferroptosis through CRISPR-Cas9
overexpression screening. GCH1 prevents the peroxidation of
phosphatidylcholine with two polyunsaturated fatty acid chains
to prevent ferroptosis through the antioxidant action of BH4,
and BH4 may also be involved in the pathway of FSP1-CoQ10 as
a biosynthetic precursor of CoQ10 (47). Dihydrofolate reductase
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(DHFR) participates in the regulation of ferroptosis by
regenerating oxidized BH4 and the combination of inhibition
of DHFR by methotrexate (MTX) with inhibition of GPX4 by
RSL3 can promote ferroptosis (48, 49). In summary, BH4 is the
core element of this system for ferroptosis resistance. In addition
to GCH1 and DHFR, there are other factors mediating
ferroptosis through BH4, and the imbalance of BH4 levels may
be associated with the occurrence of ferroptosis-related diseases.

iPLA2b
Ca2+-independent phospholipase A2b (iPLA2b) can specifically
hydrolyze sn-2 acyl bonds of phospholipids, which has been
recently identified as a regulator of ferroptosis. When ferroptosis
occurs, the characteristic product of lipid peroxidation, 15-
hydroperoxy-arachidonoyl-phosphatidylethanolamine (15-
HpETE-PE), is hydrolyzed by iPLA2b, which impedes
subsequent ferroptosis-related effects. Decreased iPLA2b
expression in cells was significantly more sensitive to RSL3-
induced ferroptosis and showed higher ferroptosis markers
associated with PE (50). The interaction of iPLA2b with
various membrane substrates was simulated by computational
modeling, and it was found that 15-HpETE-PE was more
exposed to the membrane surface, close to the catalytic site
(50). When the R747W mutation occurred in the catalytic
Frontiers in Oncology | www.frontiersin.org 434
domain, the interaction with the membrane was diminished,
leading to a decline in the catalytic capacity of 15-HpETE-PE and
the inhibition of ferroptosis in cells. It is demonstrated that the
reduced enzyme activity may be linked to neurological diseases,
including Parkinson’s disease in particular. Besides, iPLA2b was
further identified as a regulator of p53-mediated ferroptosis,
independent of GPX4 and FSP1, inhibiting ferroptosis by
eliminating AlOX12-catalyzed lipid peroxidation. Notably, like
FSP1, the lack of iPLA2b has no impact on cell function or tissue
development, suggesting that it may be a potential target for
inducing ferroptosis in tumor cells (51).

DHODH
Mitochondria is the indispensable organelle in eukaryotes where
oxidative phosphorylation, energy generation, and important
other functions such as signal transmission and energy
metabolism occur. Mao et al. recently demonstrated that
dihydroorotate dehydrogenase (DHODH) mediated the
regeneration of panthenol in mitochondria to restore peroxide-
damaged mitochondrial lipids and inhibition of ferroptosis by
DHODH was independent of DHODH’s function in pyrimidine
synthesis (52). DHODH can also produce panthenol to repair
peroxide lipids, but DHODH targets mitochondrial membrane
lipids instead of cytoplasmic lipids. GPX4 is subdivided into
FIGURE 2 | Regulatory pathways of ferroptosis. The proteins in yellow are key defense systems; the red line represents inhibiting effect (as in Figure 4).
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cytoplasmic and mitochondrial types, which are referred to as
GPX4cyto and GPX4mito, respectively. GPX4mito and DHODH
protect the mitochondria against oxidative damage independent
of GPX4cyto and FSP1. Mao also demonstrated that Brequinar, an
inhibitor of DHODH, impeded the proliferation of tumor cells
with low GPX4 expression. In addition, combined use of
ferroptosis inducers could inhibit the growth of tumor cells
with high GPX4 expression, implying a new approach for
cancer treatment (52).
METABOLIC REGULATION OF FE2+

Iron is a vital transition metal with redox activity in the body,
which has implications in biological processes such as oxidative
phosphorylation, DNA synthesis, and cell signaling (53, 54).
Excessive or inadequate iron levels can lead to the loss of protein
function, abnormalities in intracellular signaling, as well as out-
of-control of metabolic networks, thus interfering with normal
physiological processes (55). Ferrous ions are reported to be
involved in the Fenton reaction and promote lipid peroxidation
when ferroptosis occurs. In addition, reactive oxygen species
(ROS) that trigger the Fenton reaction are also related to
iron (56).

In a natural evolution, organisms have evolved multiple
regulatory pathways of iron homeostasis. Most of the ferric
ions in nutrients are absorbed by the brush border of duodenal
cells, reduced to ferrous ions by duodenal cytochrome b (Dcytb),
then transported to intestinal cells by Divalent metal ion
Transporter 1 (DMT1) (57). In intestinal cells, a part of ferrous
ion is fixed by ferritin, while the other parts are utilized by the
ferroportin (FPN, also known as SLC40A1) and transported into
the blood. Ferrous ions are oxidized to ferric ions in the blood by
Hephaestin (HEPH) or Ceruloplasmin (CP) (53, 58). Transferrin
(Tf) can bind two ferric ions and enter into cells through
endocytosis after forming a complex with transferrin receptor
(TfR). In the acidic environment of the Endosome, ferric ions are
dissociated from Tf and reduced to ferrous ions by a six-
transmembrane epithelial antigen of the prostate 3 (STEAP3),
and then are transported to the cytoplasm by DMT1, while Tf
and TfR can be recycled for the next transfer (57, 59, 60). Ferric
ions entering the cytoplasm can function in the various
physiological processes or stay in ferritin.

Increased TfR expression was found in erastin-induced
ferroptosis and p53 induced ferroptosis, suggesting that TfR is
positively associated with ferroptosis (61, 62). In addition, it has
been found that knockdown of FPN in neuroblastoma promotes
ROS-dependent ferroptosis, and the downregulation of FPN
expression leads to ferroptosis in the hippocampal area of rats
and other diabetic cognitive dysfunction (63, 64). The storage of
iron ions in cells is undertaken by ferritin, which is composed of
a heavy chain (FTH) and a light chain (FTL) and forms a “labile
iron pool (LIP)” of 12 or 24 polymers through the weak
interaction. The storage pool can store more than 4500 ferrous
ions. Ferritins from different species are distinct in ferritin size,
amino acid sequence, iron access channel, and iron-binding site.
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However, from the aspects of shape and structure, they are all
“pools” formed by orderly arranged helixes (65, 66). The iron
storage pools control the concentration of free ferrous ions in the
cytoplasm, which determines whether it acts as a beneficial
cofactor or as a toxic-free radical catalyst in the cell and is key
for the fate of the cell (Figure 3).

Nuclear Receptor Coactivator-4 (NCOA4) mediates the
degradation of ferritin in an autophagy-dependent pathway
where iron is isolated from ferritin and the accumulated free
ferrous ions in the cytoplasm promote erastin-induced
ferroptosis (67). Nuclear factor-erythroid 2-related factor 2
(NRF2) regulates the expression of FPN1, FTH, and FTL at the
transcriptional level and promotes the stability of the
intracellular iron environment (68). TfR and ferritin
translation regulation at the transcriptional level in a cell
operates through IRE-IRP. Iron regulatory proteins (IRPs) can
be classified into IRP1 and IRP2. IRP1 can be converted between
apo-form and holo-form, wherein the former can bind mRNA,
and the latter has aconitase activity and is the main active form of
IRP1 (69, 70). IRP2 is widespread in mammals and is the main
executor of IRE-IRP iron regulation (69, 71). When the
intracellular iron concentration is inadequate, IRP will bind to
the 3’ untranslated regions of mRNA (UTR) of TfR with a high
affinity and specific manner to enhance the stability of the
mRNA and the expression level of TfR, resulting in increased
iron transport into the cell (72). When intracellular iron is
abundant, IRP binds to the 5’ UTR of ferritin and TfR,
preventing their translation. IRP is at the control of
intracellular iron level and H2O2, oxygen concentration, and
oxidative stress signal (72, 73).
REGULATORY MECHANISMS
ASSOCIATED WITH FERROPTOSIS

Effect of Ether Phospholipid on
Ferroptosis
Unlike typical fatty acids, which are connected to the glycerol
framework via two ester bonds, the sn-1 position of ether
phospholipids (ePLs) is linked to the aliphatic chain via the
ether bond, while the position of sn-2 is linked to the
polyunsaturated fat chain by an ester bond (74, 75). Carbons
adjacent to ether bonds can be bonded in two ways: the first is a
carbon-carbon single bond to form an alkyl ether; another is a
carbon-carbon double bond for the formation of vinyl ethers
(also known as acetal phospholipids). Zou et al. found that
peroxisome composition was associated with ferroptosis using
genome-wide CRISPR-Cas9 suppressor screens, in combination
with the protein network database STRING and the pathway
analysis algorithm they developed. Furthermore, they found
utilizing lipidomics that polyunsaturated ether phospholipids
(ePLs) generated by the peroxisome pathway act as substrates
of lipid peroxidation to induce ferroptosis (76). When the
expression of ether phosphol ipid-related synthases
Alkyldihydroxyacetonephosphate synthase (AGPS) and Fatty
acyl-CoA reductase 1 (FAR1) in peroxisome was inhibited, the
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cells would exhibit the resistance to ferroptosis until they were
re-expressed. In another study, Cui et al. established the
regulatory pathway of ferroptosis involving FAR1 as FAR1-
ether lipid-TMEM189 (77). FAR1 promotes ferroptosis by
reducing fatty acids to generate fatty alcohols necessary for
synthesizing alkyl ether lipids and acetal phospholipids (77).
Cui found that aceta l phosphol ipids generated by
plasmanylethanolamine desaturase (transmembrane protein
189, TMEM189) inhibited the expression of FAR1 and
subsequent ferroptosis (78). Cui had characterized the
inhibitory effect of TMEM189 on ferroptosis in different cancer
cells. In contrast, Zou claimed that TMEM189 was not involved
in ferroptosis regulation. The two contrary results may be
explained by different cancer cell lines used in the experiment
that expressed discrepant levels of TMEM189. This indicates that
the level of TMEM189 protein in different cancer cells results in
differences in the regulatory network between cancer cells.
Further studies are needed to determine whether the
differences in TMEM189 protein levels among varying cancer
cell lines are regulated at the gene level, transcription level, or
post-translational modification level, which may also contribute
to elucidating the role of TMEM189 in ferroptosis.

UPS
The ubiquitin-proteasome system (UPS) is closely linked to
ferroptosis through targeting protein for degradation. The tumor
Frontiers in Oncology | www.frontiersin.org 636
suppressor BRCA1-associated protein 1 (BAP1), a member of the
UCH family of deubiquitinase, is negatively associated with many
tumors (79–81). BAP1 acts on system Xc- and cleaves the mono-
ubiquitin from lysine 119 of histone 2A (H2AK119Ub) in the
SLC7A11 gene, thereby inhibiting the transcription of SLC7A11
and resulting in reduced cystine transport, decreased GSH
production, lipid peroxide accumulation, and ultimately
promoting the occurrence of ferroptosis (82, 83). Further
research has demonstrated that the polycomb repressive
complex 1 (PRC1), as the main E3 ubiquitin ligase of H2AUb,
can enhance the binding of H2AUb to the SLC7A11 promoter and
synergistically inhibit the expression of SLC7A11 with BAP1 (84).
In addition, mono-ubiquitination of lysine 120 of histone 2B
(H2BK120Ub) activates SLC7A11 expression, while p53 reduces
H2BK120Ub level via promoting nuclear translocation of the
deubiquitinase USP7, and finally promoting the occurrence of
ferroptosis (85). Studies have shown that SLC7A11 is also
positively regulated by deubiquitinase, and OTUB1, a
deubiquitinase, can interact directly with SLC7A11 and repress
ferroptosis by stabilizing SLC7A11. When the OTUB1 was
inactivated, SLC7A11 levels diminished, and ferroptosis was
promoted. It was also found that the cluster of differentiation-44
(CD44) could enhance the interaction of OTUB1 with SLC7A11
and prevent ferroptosis (86).

It has been demonstrated that deubiquitinase USP35 is
overexpressed in human lung cancer tissues and cell lines.
FIGURE 3 | Regulation of iron transport in vivo.
January 2022 | Volume 12 | Article 834681

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


Lan et al. Ferroptosis and Hematological Tumorigenesis
Meanwhile, knockdown of USP35 can promote the degradation
of FPN in lung cancer cells and reduce iron exportability that
makes cancer cells sensible to ferroptosis, enhancing the
chemotherapy effect on lung cancer cells (87). USP11 can
stabilize NRF2 by deubiquitination, and USP11 inactivation
can promote NRF2 degradation, making cells prone to
ferroptosis and reproduction repressed (Figure 4) (88).

AMPK
AMPK is an AMP-dependent protein kinase that regulates the
generation and consumption of ATP to maintain intracellular
energy homeostasis. Under energy stress, AMPK is activated and
inhibits the physiological processes that consume energy directly
or indirectly. Gan et al. recently identified a new mechanism on
ferroptosis inhibition in which under energy-deficient conditions,
activation of AMPK mediated phosphorylation of acetyl-CoA
carboxylase (ACC) and ACC inactivation inhibited the
conversion of acetyl-CoA to malonyl-CoA that can generate
unsaturated fatty acids and participate in lipid peroxidation.
Inhibiting the synthesis of unsaturated fatty acids would
ultimately prevent ferroptosis (89–91). Beclin1, the first
autophagy-associated protein discovered in mammals, acts as
the core of the class III phosphatidylinositol 3-kinase (PtdIns3K)
Frontiers in Oncology | www.frontiersin.org 737
complex to promote the nucleation of autophagosomes (92). Song
et al. found that Beclin1 induced ferroptosis independently of the
PtdIns3K complex and could form Beclin1-SLC7A11 complex
when phosphorylated at Ser90/93/96 by AMPK. This process
directly inhibited the cystine transport function of system Xc-,
leading to the accumulation of lipid peroxidation and ferroptosis
increase (91, 93, 94). Overexpression of Beclin1 in cancer cells
promoted the effect of system Xc- inhibitors on ferroptosis and
also promoted the effect of ferroptosis on anticancer in vivo (94).
To sum up, AMPK has positive and negative regulatory roles in
ferroptosis, so better understanding and accurately judging of the
roles of AMPK may be of great but the far-reaching significance
for target ferroptosis to treat tumors.
ROLE OF FERROPTOSIS IN
HEMATOLOGIC MALIGNANCIES
TREATMENT

Leukemia
Leukemia is a malignant disease arising from the unlimited
proliferation of hematopoietic stem cells, as malignant clones
FIGURE 4 | Metabolic regulation associated with ferroptosis.
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of cells could hinder the normal function of hematopoietic cells
and affect the development of non-hematopoietic cells.
Compared with other tumor cells, leukemia cells display higher
transferrin expression and iron content, which causes the
accumulation of ROS in leukemia cells more easily and
ferroptosis occurs after cells undergo irreparable peroxidative
damage. Thereby, promoting ferroptosis via further enhancing
the iron content in leukemia cells seems to become a feasible
strategy for leukemia treatment, which is also one of the hotspots
in this field (95–97).

It has been found that Dihydroartemisinin (DHA), a
derivative of the natural drug artemisinin, can induce
ferroptosis in acute myeloid leukemia (AML) cells, owing to
the capability of activating the phosphorylation of AMPK.
Subsequently, AMPK inhibits the mTOR pathway and
promotes autophagy, leading to autophagy-dependent
degradation of FTH protein and the release of large amounts
of free iron, which ultimately induces ferroptosis in AML cells
(98). RSL3, as a small molecule inhibitor targeting GPX4, can
also trigger a variety of programmed cell deaths, including
ferroptosis in AML cells, and enhances the tumor suppressor
effect of first-line chemotherapy drugs (cytarabine and
adriamycin) on AML cells (99). Similarly, Balasubramanian
et al. found that NRF2 may be a new target for the treatment
of AML. Using Brusatol, an inhibitor of NRF2, could reduce the
ability of NRF2 to eliminate ROS and increase the sensitivity of
cytarabine and daunorubicin to AML (100). Ferroptosis induced
by iron loading in leukemia cells exert a therapeutic effect, while
the occurrence and poor prognosis of leukemia have been
identified to be related to intracellular iron accumulation, such
as inhibition of red blood cell differentiation when the iron is
excessive (101). Therefore, much effort was focused on reducing
of the amount of iron in cells. For example, iron chelating agents
(DFO and DFX) have been used clinically to reduce the
intracellular iron load (102). There are currently relatively few
studies on treating leukemia with ferroptosis, and more
experiments are required to elucidate the relationship between
ferroptosis and leukemia treatment.
Lymphoma
Diffuse large B-cell lymphoma (DLBCL) is one of the most
frequent lymphatic malignancies, with the highest incidence in
the non-Hodgkin lymphoma (NHL) family (103, 104). Since
Cystine is a crucial negative regulator in the ferroptosis system,
the lack of cystine in cells lead to the inhibition of GSH
production, which ultimately gives rise to redox imbalance and
ferroptosis. Therefore, the inability of lymphocytes to synthesize
cystine has been regarded as a breakthrough point for the
treatment of lymphoma. At an early stage, Gout et al. revealed
that sulfasalazine could be used as a system Xc- inhibitor to
significantly reduce the growth of DLBCL in the abdominal
cavity of rats (105). Stockwell et al. optimized imidazole-ketone-
erastin (IKE) with stronger metabolic stability and water
solubility, based on canonical system Xc- inhibitor erastin. IKE
could inhibit the growth of DLBCL in mice with more potent
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therapeutic effects through nanoparticle delivery (106). What’s
more, Stockwell et al. indicated that inhibition of GPX4 activity
also promoted the death of DLBCL cell lines (36). Consistently,
GPX4 can reduce lipid peroxides and inhibit ferroptosis, and its
overexpression has been demonstrated to be associated with
poor prognosis in DLBCL patients (107).

Multiple Myeloma
Multiple myeloma (MM) is a malignant proliferative disease in
plasma cells, accounting for 10% of hematological malignancies
(108). MM is associated with the accumulation of atypical
plasma cells in bone marrow, abnormal production of
monoclonal immunoglobulin, and increased serum calcium
levels (109). GPX4 and SLC7A11 are key regulators of
ferroptosis and are highly expressed in MM cells. A novel
immunosuppressant Fingolimod (FTY720), can promote
ferroptosis by reducing GPX4 and SLC7A11 mRNA and
protein levels in U66 cells, enhancing ferroptosis and
autophagy through the PP2A/AMPK pathway (110). In MM
cells, high proteasome activity is the determinant for degrading
misfolded immunoglobulin to ensure expected survival. As a
proteasome inhibitor, Bortezomib has been clinically used to
treat MM patients (111). However, the autophagy process
activated by the accumulation of misfolded immunoglobulin in
cells exhibits the resistance of MM against Bortezomib (112).
Studies have shown that iron exposure can reduce the activity of
the proteasome, hence increasing the efficacy of Bortezomib and
Carfilzomib (the second generation of proteasome inhibitors
used for MM therapy) in MM cells and leading to severe MM
cell death by promoting ferroptosis (113). In order to overcome
the drug resistance of Bortezomib, docosahexaenoic acid or
eicosapentaenoic acid in combination with Bortezomib were
used to enhance the sensitivity of MM cells to Bortezomib
(Table 1) (114). Specifically, docosahexaenoic acid and
eicosapentaenoic acid can modulate the redox balance in MM
cells by reducing the content of GSH in MM cells, thus
improving the therapeutic effect of Bortezomib. These
combined therapeutic results provide a novel theoretical basis
and therapeutic schedule for overcoming MM resistance to
Bortezomib and further benefit clinical treatment.
TABLE 1 | Inducers or inhibitors of ferroptosis in hematologic malignancies.

Cancer Inhibitors/Inducers Targeted sites

Leukemia DHA AMPK
RSL3 GPX4
Brusatol NRF2
DFO; DFX Fe2+

Lymphoma Sulfasalazine system Xc-
IKE system Xc-
RSL3 GPX4

Multiple
myeloma

FTY720 GPX4;
SLC7A11

Bortezomib; Carfilzomib Proteasome
Docosahexaenoic acid; Eicosapentaenoic
acid

GSH
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CONCLUSION AND PERSPECTIVE

In recent years, with the deep research on ferroptosis, several
pathways other than GPX4-GSH have been identified to
modulate lipid peroxidation directly. Meanwhile, large
amounts of experiments have also been conducted to elucidate
the roles of ferroptosis in hematological malignancies. However,
many questions in the ferroptosis field remain to be addressed.
For example, to what extent does lipid peroxidation lead to cell
rupture and ferroptosis? Are other lipid peroxidation regulatory
pathways associated with GPX4-GSH synergistic or merely
complementary to GPX4? How can ferroptosis be used as a
target of cancer therapy further (In Table 2 we summarize the
inhibitors or inducers associated with ferroptosis)? How to avoid
the side effects of ferroptosis-related drugs (e.g., the toxic side
effects of increased iron intake in leukemia treatment)? In
conclusion, as a new modality of regulatory cell death,
ferroptosis brings new possibilities for cancer treatment.
However, further research is required for elaborating the
Frontiers in Oncology | www.frontiersin.org 939
mechanism of ferroptosis and its implications in cancer, which
is of great scientific significance.
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Epstein Barr virus (EBV) can affect 90% of the human population. It can invade B
lymphocytes, T lymphocytes and natural killer cells of the host and remain in the host
for life. The long latency and reactivation of EBV can cause malignant transformation,
leading to various lymphoproliferative diseases (LPDs), including EBV-related B-cell
lymphoproliferative diseases (EBV-B-LPDs) (for example, Burkitt lymphoma (BL), classic
Hodgkin’s lymphoma (cHL), and posttransplantation and HIV-related lymphoproliferative
diseases) and EBV-related T-cell lymphoproliferative diseases (EBV-T/NK-LPDs) (for
example, extranodal nasal type natural killer/T-cell lymphoma (ENKTCL), aggressive NK
cell leukaemia (ANKL), and peripheral T-cell lymphoma, not otherwise specified (PTCL-
NOS). EBV-LPDs are heterogeneous with different clinical features and prognoses. The
treatment of EBV-LPDs is usually similar to that of EBV-negative lymphoma with the same
histology and can include chemotherapy, radiotherapy, and hematopoietic stem cell
transplant (HSCT). However, problems such as serious toxicity and drug resistance
worsen the survival prognosis of patients. EBV expresses a variety of viral and lytic
proteins that regulate cell cycle and death processes and promote the survival of tumour
cells. Based on these characteristics, a series of treatment strategies for EBV in related
malignant tumours have been developed, such as monoclonal antibodies, immune
checkpoint inhibitors, cytotoxic T lymphocytes (CTLs) and epigenetic therapy. These
new individualized therapies can produce highly specific killing effects on tumour cells, and
nontumour cells can be protected from toxicity. This paper will focus on the latest
progress in the treatment of EBV-LPDs based on pathological mechanisms.

Keywords: barr virus, lymphoproliferative disorders, lymphoma, therapy, advances
BACKGROUND

Epstein Barr virus (EBV) is classified as a gamma-1 herpesvirus, and people are generally susceptible
to this virus. Patients with EBV infection are usually asymptomatic, and the development of
symptomatic disease is associated with delayed primary infection, leading to infectious
mononucleosis in young people. In addition, EBV infection is associated with various EBV-
related malignancies, such as nasopharyngeal carcinoma (NPC), gastric cancer subtypes, and several
lymphoproliferative diseases (LPDs), especially B-cell and T-cell lymphomas (1, 2). It causes about
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200000 new cancer cases worldwide every year. In cancer cells,
EBV usually remains latent to escape human immune
surveillance but can switch from a latent to a lytic cycle to
infect new cells in response to physiological stimuli (3, 4). There
are three groups of viral proteins expressed by EBV during a
latent infection: (1) the Epstein Barr virus nuclear antigen
(EBNA) family, which includes EBNA1–EBNA4, within which
EBNA3 encompasses EBNA3a, EBNA3b and EBNA3c; (2) the
late membrane protein (LMP) group, which includes LMP1 and
LMP2; and (3) EBV-encoded RNA (EBER). These viral proteins
follow four latent expression patterns, and different host cells
express different viral proteins (3) (Figure 1). In cells infected
with latent EBV, the immediate early (IE) proteins BZLF1 (Zta)
and BRLF1 (Rta) are key for mediating transformation, but the
two promoters that control Zta and Rta gene transcription are
inactive (4). Upon induction by stimulants that activate B cells,
such as calcium ionophores, phorbol esters and histone
deacetylase (HDAC) inhibitors, these promoters are activated,
resulting in the expression of immediate early lytic proteins,
followed by the production of early lytic proteins (BMRF1,
BALF1, BHRF1, BSLF1, etc.) and the initiation of viral DNA
replication (9, 10). At the same time, early lytic proteins and
DNA replication trigger the expression of late lytic proteins
(VCA-p18, gp350/220, MCP, gH/gL, etc.), which eventually
leads to the production of infectious virus particles such as
BLLF1 and BFRF3 (4, 9). More than 70 viral proteins can be
produced in the entire process (11) (Figure 2).

There is increasing evidence that virus latent and lytic
proteins can maintain the proliferation and survival of EBV-
positive cancer cells by influencing cellular mechanisms
regulating the cell cycle, apoptosis and immune recognition of
Frontiers in Oncology | www.frontiersin.org 244
host cells. Research to identify therapeutics for EBV has
produced many surprising results. The specific killing effect
not only improves the curative effect but also greatly reduces
toxicity and side effects. Therefore, in addition to chemotherapy,
regulatory immunosuppressive therapy and allogeneic
hematopoietic stem cell transplant (allo-HSCT), different EBV-
based treatment strategies, such as immunotherapy, gene therapy
and epigenetic therapy, are research hotspots. This paper will
summarize EBV-LPD treatment methods and discuss research
advances regarding these new schemes.
EBV-ASSOCIATED B-CELL
LYMPHOPROLIFERATIVE DISORDERS

Chemotherapy
EBV was initially detected by Epstein MA et al. in isolated and
cultured cells from a BL child in Uganda (12). BL is a highly
proliferative B-cell non-Hodgkin lymphoma (NHL) that can be
divided into three different variants: endemic (African) BL,
sporadic BL and immunodeficiency-related BL (13). EBV can be
detected in almost all cases of endemic BL and up to 40% of cases
of immunodeficiency-related BL (14). Various intensive treatment
schemes have shown great activity in patients with BL. Previous
research found that CODOX-M/IVAC +/- R (cyclophosphamide,
vincristine, doxorubicin, methotrexate, ifosfamide, etoposide, and
cytarabine with or without rituximab), CALGB (Cancer and
Leukemia Group B), Hyper-CVAD +/- R (cyclophosphamide,
vincristine, doxorubicin, and dexamethasone with or without
rituximab), and dose-adjusted (DA) R-EPOCH (rituximab,
etoposide, prednisone, vincristine, cyclophosphamide, and
FIGURE 1 | EBV expresses different viral proteins in different host cells during a latent infection. Latent type 0: EBER and miRNA are expressed in the nucleus of
host cells, mainly in EBV carriers in good health. Latent type I: EBNA1, EBER and miRNA are commonly expressed in patients with Burkitt lymphoma (BL) (5). Latent
type II: EBNA1, EBER, miRNA, LMP1, LMP2A, and LMP2B are generally expressed in patients with HL, nasal NK/T cell lymphoma (NKTCL), NPC and diffuse large
B-cell lymphoma (DLBCL) (6, 7). Latent type III: EBNA1–4, EBER, miRNA, LMP1, LMP2A and LMP2B can be expressed in posttransplant lymphoproliferative disease
(PTLD), lymphoblastic cell line (LCL) and AIDS-associated B-cell lymphoma (8).
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doxorubicin) achieved significant results. The best results showed
that patients can achieve 95% event-free survival (EFS) and 100%
overall survival (OS) (15–20) (Table 1). The low-dose adjusted R-
EPOCH regimen represents major progress, allowing the
treatment of elderly and human immunodeficiency virus (HIV)-
positive patients and solving the problem of limited application of
a high-intensity regimen due to severe toxicity in these patient
groups. However, for patients with endemic diseases, treatment
schemes are usually limited by cost, and different low-income and
Frontiers in Oncology | www.frontiersin.org 345
middle-income countries approve different schemes. For example,
the OS rate of patients in sub-Saharan Africa is between 51% and
67%, which is much worse than that in resource rich countries
(38). Therefore, those successful studies cannot represent the
heterogeneous population. Meanwhile, chemotherapy is not
sufficient to block disease activity and eradicate infected cells.
There is a lack of further salvage treatment for patients with
recurrent or refractory BL, and there is an urgent need to develop
more effective treatments.
TABLE 1 | Summary of available therapies in EBV-B-LPD.

Therapy Patients
characteristics

Efficacy Reference

Chemotherapy CODOX-M/IVAC+/-R BL 2-year EFS: 65%, 2-year OS: 73%; 3-year PFS: 74%, 3-year OS:
77%

(15, 16)

GALGB+/-R BL 3-year EFS: 74%, 2-year OS: 78%; 3-year EFS、OS: 45-54% (18, 19)
HyperCVAD +/-R BL 3-year EFS: 80%, 3-year OS: 89% (17)
(DA)R-EPOCH BL EFS: 95%, OS: 100% (20)

Immunotherapy Monoclonal
antibody

R-CHOP PTLD/DLBCL First-line treatment –

Rituximab PTLD It is related to the elimination of PTLD related mortality (21)
BV PTLD/DLBCL The patient had no disease progression 3.5 years after PTLD. (22)
Daradaratumumab PTLD A rapid decrease in EBV viral load was observed (23)

Checkpoint
inhibitors

Nivolumab HL ORR: 66% (24)
HL ORR: 89%, CR:59% (25)

Pembrolizumab HL ORR: 69%, CR: 22.4% (26)
Sintilimab HL ORR: 80% (27)
Tislelizumab HL CR: 62.9%, ORR: 87.1% (28)
Camrelizumab HL CR: 28%, ORR:76% (29)
Nivolumab + BV HL CR: 67%, ORR:85% (30)

HL OS: 98% (31)
HL It is effective and well tolerated in the elderly (32)

Nivolumab PTLD The child received CR (33)
Nivolumab The woman received CR (34)

CTL EBV-CTL PTLD CR: 84.6% (35)
EBV-CTL line bank PTLD The 6 months effective rate was 52% (36)
CMD-003 R/R lymphoma and

PTLD
It has been granted fast track by FDA (3)

EBV-CTL and LMP-2-
CTL

cHL The patients were well tolerated and sustained clinical responses
were observed.

(37)
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activate expression and drive the EBV lytic cycle. In this process, a series of lytic proteins are produced to regulate gene expression and induce DNA replication.
Finally, the virus particles are packaged by structural proteins and released through exocytosis.
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Immunotherapy
Monoclonal antibodies
EBV is detected in 25–50% of Hodgkin’s lymphoma (HL) cases in
the United States and Europe (39, 40). In immunosuppressed
individuals, EBV-encoded LMP-1 contributes to NF-kB pathway
activation and induces an antiapoptotic phenotype in Reed–
Sternberg (RS) cells in HL (41). CD30, a transmembrane protein
belonging to the tumour necrosis factor receptor family, is
specifically expressed in normally activated (rather than static) B
and T cells and NK cells. The CD30-targeted antibody brentuximab
vedotin (BV) showed significant antitumour activity in recurrent or
refractory (R/R) HL and anaplastic large cell lymphoma (ALCL),
leading to its accelerated approval by the FDA (42). The results of a
preliminary phase II study showed moderate efficacy of SGN-30 in
HL patients with all levels of CD30 expression (43). In addition,
continuous treatment with MDX-060, a human anti-CD30
immunoglobulin G1 monoclonal antibody, was well tolerated in
phase I and II clinical trials. However, there has been no study on
the effect of CD30 mAbs on EBV load.

In 2003, EBV+ diffuse large B cell lymphoma (DLBCL) was first
described as a unique entity in elderly patients, and in situ
hybridization showed that this disease was related to EBV (44). In
2008, the World Health Organization (WHO) defined the
temporary entity of DLBCL based on a large number of studies
conducted in Asian populations and named it ‘‘EBV positive
DLBCL of the elderly”. After that, several groups studied the
association between EBV and DLBCL in children and young
people, and proved that EBV positive was also detected in these
age groups (45–50), and some of which showing a larger
morphological spectrum and better survival rate (51). Therefore,
the term “elderly”was replaced with “not otherwise specified” (EBV
+ DLBCL, NOS) in the 2016 classification and is no longer
considered provisional (52). Sarah Park et al. evaluated EBER
expression by in situ hybridization in 380 samples from DLBCL
patients to evaluate the significance of EBV positivity on the survival
and prognosis of DLBCL patients. These researchers found that
patients with EBER-positive DLBCL showed more rapid clinical
deterioration and worse survival rates and treatment responses (53).
CD20 is a nonglycosylated pan B-cell transmembrane
phosphoprotein with a molecular weight of 35 KD that is
expressed on the surface of most mature B cells. At present,
rituximab, which targets CD20, combined with chemotherapy is
the first-line treatment for EBV+ DLBCL. Different reactions to R-
CHOP (rituximab, etoposide, prednisone, vincristine,
cyclophosphamide, and doxorubicin) have been reported
worldwide, but no prospective comparative study has been
conducted (54). CD30 is expressed in some posttransplant
lymphoproliferative diseases (PTLDs) induced by EBV infection,
including DLBCL. Brentuximab vedotin (BV), a CD30-directed
antibody–toxin conjugate, represents an attractive treatment.
Thomas Mika et al. reported the first case of long-term control/
cure of highly invasive EBV-DLBCL by combining BV and adoptive
EBV-specific T cell therapy. The patient had no disease progression
3.5 years after PTLD. However, the long-term efficacy of BV
monotherapy in the treatment of CD30+ DLBCL caused by
PTLD has not been determined (22). Clinical trials of BV
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combined with other therapies are ongoing (Table 3). Other
therapies were mainly studied in the background of PTLD, which
has extensive effects on EBV+ DLBCL.

Reactivation of EBV after bone marrow transplantation
usually leads to a LPD that does not respond well to standard
treatment and is usually fatal. As early as 1969, the incidence rate
of LPDs in solid organ and bone marrow transplant recipients
was very high, between 0.5% and 17% (79, 80). EBV infection
affects approximately 60–80% of patients with PTLD, including
100% of patients with early-onset PTLD (81). Associated EBV
infection and CD20+ B cell proliferation were observed in 90% of
cases. Therefore, in addition to stopping immunosuppressive
drugs, monoclonal anti-CD20 antibodies (such as rituximab) can
be used in standard treatment (82, 83). W J F M van der Velden
et al. noted that pre-emptive treatment, which is defined as
rituximab administration to patients with a symptomatic EBV
infection, is related to the elimination of PTLD-related mortality
(21). At present, there is no standardized rescue treatment. If
there is no response to anti-CD20 treatment, patient prognosis is
very poor. Patrick-Pascal Strunz et al. reported the first case of
combined treatment with a CD38 antibody (daratumumab) and
EBV-specific cytotoxic T lymphocytes for EBV+ rituximab-
refractory PTLD. The flow cytometry results of a sample from
the 55-year-old male patient showed the loss of CD20 and
continuously high CD38 expression in the homogeneous B cell
population. Therefore, after the administration of EBV-specific
cytotoxic T lymphocytes to this patient, daratumumab was
added, and a rapid decrease in EBV viral load was observed.
However, the examination results showed early recurrence of
PTLD after 2 weeks (23). The role of CD38-targeted
immunotherapy in the treatment of rituximab-refractory
CD38+ PTLD needs to be further explored. In addition, the
CD30 antibody mentioned above is also used to treat PTLD.

Checkpoint Inhibitors
Programmed death ligand 1 (PD-L1) is an immunomodulatory
molecule expressed by antigen-presenting cells that selectively
binds to the PD-1 receptor on T cells to inhibit T cell immune
function. Both RS cells of cHL and malignant B cells of PTLD
express PD-L1, and this expression is promoted by EBV.
Therefore, these diseases share this immune escape mechanism
(35, 36, 84) (Figure 3). Nivolumab and pembrolizumab,
humanized anti-PD-1 monoclonal antibodies, have been
proven to be effective in the treatment of patients with R/R
cHL. In 2016, Anas Younes and his team found that the overall
response rate (ORR) for nivolumab was 66% with acceptable
safety in cHL patients who failed autologous stem cell transplant
(ASCT) (24). In 2017, a phase II study involving 221 R/R HL
patients showed that the ORR for pembrolizumab was 69%, and
the complete remission (CR) rate was 22.4% (26). Subsequent
extended follow-up reported that the median PFS was 14 months
(85). Nivolumab and pembrolizumab were approved by the FDA
in 2016 and began to be used in the treatment of cHL in R/R
patients in 2017. In addition, pembrolizumab can be included in
consolidation treatment after ASCT. Philippe Armand et al.
conducted the first immune checkpoint blocking study for
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consolidation therapy in patients with R/R cHL and proved that
PD-1 blockade with pembrolizumab after ASCT had acceptable
safety and a significant progression-free survival (PFS) benefit
(86). A large number of combined therapy studies including PD-
1 have emerged (Table 1). The combined use of BV-nivolumab is
a promising scheme. In a single arm phase I/II study, BV-
nivolumab was applied to patients before ASCT, achieving a
high CR of 67% and an ORR of 85% (30, 87). Among patients
with high-risk R/R HL, consolidation after HCT with BV-
nivolumab resulted in an estimated 18 month PFS and OS of
95% and 98% in all 59 patients, respectively (31). In addition, the
combination of the two drugs is effective and well tolerated in
newly treated elderly patients with HL (32). There are also a
variety of new PD-1 inhibitors, such as sintilimab, tirizumab and
camerezumab, which are under development. Their ORR is
about 80% and CR rate is 30 – 60% (27–29) (Table 1). These
studies excluded patients previously treated with PD-1. In the
future, it will be interesting to assess the response of patients
previously exposed to checkpoint inhibitors to new PD-1
inhibitors. Given the known efficacy in cHL, the use of
immune checkpoint inhibitors in PTLD is promising (88). It is
reported that after all conventional treatments failed and
significant toxicity occurred in a child with PTLD, the salvage
treatment with nivolumab achieved CR (33). Similarly, this result
was also observed after application of nivolumab in a woman
with cHL-like PTLD (34). At present, a phase I clinical trial to
explore the efficacy of nivolumab and EBV-specific T cells in
patients with R/R EBV-positive lymphoma, including PTLD, is
completed, but no results were released (NCT02973113).

CTLs
Immunotherapy strategies to restore virus-specific immunity are an
attractive alternative to antiviral therapy. EBV-specific CTLs of
human leukocyte antigens (HLA)-matched donors or autologous
lymphocytes can be activated and expanded in vitro and then
injected into the recipient, where they can restore cellular
immunity after EBV infection and eradicate EBV-infected cells.
The most common adverse reaction is graft-versus-host disease
(GVHD). Compared with adoptive therapy with monoclonal
antibodies, CTLs can actively migrate through the microvascular
wall to reach isolated tumour cells and undergo self-expansion.
CTLs can kill tumour cells through cytotoxic effectors and have
advantages in biological distribution and antitumour activity (89).
In some initial single-centre experiments, EBV-CTLs were used to
treat viral reactivation after bone marrow transplantation and
achieved clear results (90, 91). In 1994, Ekaterina Doublovina
et al. reported that five patients with EBV-associated lymphoma
achieved sustained clinical remission after receiving peripheral
blood mononuclear cells (PBMCs) from EBV-seropositive
transplant donors (92). Subsequently, C M Rooney et al. prepared
the first EBV CTL line in vitro from donor leukocytes and infused
these cells into ten lymphoma patients after allogeneic
transplantation to reconstruct EBV-specific immunity; the cells
were found to persist for ten weeks in vivo without GVHD (93).
The team infused EBV-CTLs in 114 HSCT patients at three
different centres over a 12-year period. The CR rate reached
84.6% in 13 patients with PTLD and proved that the duration of
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functional CTLs was up to 9 years. The other patients who received
preventive treatment did not develop PTLD [42]. The main
disadvantages of generating EBV-CTLs for specific patients are
that it is expensive and time-consuming; it takes three to four
months to generate a suitable CTL system. Tanzina Haque et al.
generated allogeneic virus-specific CTL line banks from normal
donors, overcoming the main limitations. It was found that the
higher the HLA match between patients and CTLs was, the better
the response. In this phase II clinical trial, the 6-month response rate
of 33 patients with PTLD who failed conventional treatment was
52% (94). In addition, the autologous T cell therapy CMD-003 has
been approved by the FDA for the treatment of R/R lymphoma and
PTLD (3) (Table 1). Due to cost constraints and technical
difficulties, EBV-specific CTLs are always used after the patient’s
condition has deteriorated, and this treatment strategy is not
currently being used in the clinic. A multicentre, open label,
single arm, phase III study was completed in March 2021. In the
context of allogeneic haematopoietic cell transplantation, the
efficacy and safety of an allogeneic T cell immunotherapy called
tabelecleucel in the treatment of EBV+ PTLD were evaluated. The
results have not been published (NCT03392142). Other relevant
clinical trials are still in progress (Table 3).

RS cells in EBV-positive cHL can downregulate immune-
dominant EBV nuclear antigens such as EBNA3A, EBNA3B and
EBNA3C so that most CTLs against potential antigens lose their
effect. However, the latent proteins LMP-1 and LMP-2 expressed by
tumour cells in approximately 40% of patients with Hodgkin’s or
non-Hodgkin’s lymphoma then become the immunotherapeutic
targets of CTLs (95) (Figure 3). M A Roskrow et al. conducted a
number of phase I clinical trials in patients with cHL using
polyclonal EBV-CTLs and CTLs rich in precursors targeting
LMP-2 (37). A large number of EBV-specific T cells were
obtained from 9 patients with advanced Hodgkin’s disease and
successfully expanded slowly in vitro. After these cells were injected
into patients with multiple relapses, the activity of EBV-specific
CTLs increased, which enhanced the immune response to EBV for
more than 13 weeks. In addition, it was found that these CTLs could
recognize LMP2A expressed by tumour cells (Table 1).

Gene Therapy
The transcription factor EBNA2, a latent viral gene expressed by
malignant cells latently infected with EBV, is a transactivator of
virus and gene expression (96). M Franken et al. showed that use
of the BamHI C promoter (CP) of EBNA2 in B-cell lymphoma
can regulate the expression of the suicide gene and can selectively
enhance the sensitivity of EBNA2-expressing cells to ganciclovir.
These results provide in vivo and in vitro support for gene
therapy based on the molecular basis of tumour development
(96). Jian Hua Li et al. reported the feasibility of adenovirus-
mediated wild-type p53 (Ad5CMV-p53) gene therapy for NPC.
The adenovirus vector regulates transgene expression through
the EBV replication initiation site, which can accurately transmit
p53 to EBV-positive cancer cells and induce apoptosis. This
approach shows effective cytotoxicity that can be enhanced by
ionizing radiation (97). The team then further demonstrated that
the results of EBV-targeted gene therapy could be replicated in
mouse tumour models, which is expected to support the
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translation of this strategy into the clinic for NPC patients (98).
At present, there is little research on gene therapy in EBV-LPDs,
although there is much space for further exploration.
EBV-ASSOCIATED T- AND NK-CELL
LYMPHOPROLIFERATIVE DISORDERS

Chemotherapy
Epstein Barr virus (EBV) can cause B-cell lymphoma and is also
found in some T or NK cell lymphoid tumours, such as
extranodal NK/T-cell lymphoma (ENKTCL), invasive NK cell
leukaemia (ANKL) and chronic active Epstein Barr virus
infection (CAEBV). The WHO classification of haematopoietic
and lymphoid tumours was revised in 2017 (WHO 2017), and
CAEBV is defined as an T cell or NK cell tumour (99). The
infected cells in CAEBV are activated and clonally proliferate
with the characteristics of inflammation and malignancy.
Affected patients experience fatal progression after lymphoma
or HLH, so treatment needs to be started before this occurs.
Chemotherapy can significantly reduce disease activity and the
burden of residual EBV-infected T cells, but it is usually
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impossible to significantly reduce EBV-DNA load before
haematopoietic cell transplantation. One of the main goals of
chemotherapy is to control disease and reduce the risk of
transplantation-related complications. Akihisa Sawada and
others selected the combination of steroids, etoposide and
cyclosporine or cytotoxic chemotherapy according to the
treatment of lymphoma and then performed HSCT. The OS of
79 patients with CAEBV and related diseases reached 87% (100).

The prototype of EBV-driven lymphoma is extranodal NK/T cell
lymphoma of the nasal type. Due to the high expression level of P-
glycoprotein in NK lymphoma cells, chemotherapy, such as CHOP-
and doxorubicin-based regimens, is largely ineffective. However, the
lack of asparagine synthase makes ENKTCL sensitive to
L-asparaginase. DDGP (cisplatin, dexamethasone, gemcitabine
and pegaspargase) was recommended as the first-line
chemotherapy for NK/T-cell lymphoma in the National
Comprehensive Cancer Network (NCCN) guidelines in 2020.
Other schemes based on L-asparaginase, such as SMILE
(dexamethasone, methotrexate, ifosfamide, asparaginase, and
etoposide), also showed good efficacy; however, this regimen is
highly toxic and can even lead to death (55). DDGP, P-Gemox and
AspaMetDex are less toxic alternatives to SMILE (56, 57) (Table 2).
TABLE 2 | Summary of available therapies in EBV-T/NK-LPD.

Therapy Patients
characteristics

Efficacy Reference

Chemotherapy Steroids, etoposide and cyclosporine or cytotoxic
chemotherapy + HSCT

CAEBV OS: 87% (31)

DDGP NKTCL First-line treatment. -
SMILE regimen NKTCL ORR: 79%, CR: 45% (55)
P-Gemox NKTCL ORR: 80%, CR: 51.4% (56)
AspaMetDex NKTCL ORR:77.8% (57)
CHOP PTCL-NOS Usually incurable. –

Allo-HSCT EBV-T/NK-LPD It is a method to cure EBV-T/NK-LPD. (58)
Immunotherapy Monoclonal

antibody
Daratumumab NKTCL ORR:35.7% (59)

ORR:25% (60)
BV NKTCL 2 patients received CR. (61, 62)

Checkpoint
inhibitors

Pembrolizumab NKTCL 5 of the 7 R/R patients achieved CR. (63)
NKTCL 2 patients received CR 2 patients received PR. (64)

Nivolumab NKTCL 3 patients with R/R NKTCL achieved clinical
response.

(65)

Sintilimab NKTCL ORR:68% (66)
Avelumab NKTCL CR:24%, ORR:38% (67)
Geptanolimab PTCL CR:14.6%, ORR:40.4% (68)
PRN371 NKTCL It can inhibit tumor growth in NKTCL xenograft

model.
(69)

Tofacitinib NKTCL It can inhibit JAK3 activity in vivo and in vitro. (70)
CTL LMP-CTL NKTCL CR was 2-6 years, and 8 survived for at least

2 years.
(71)

LMP-CTL NKTCL OS: 100%, PFS:90% (72)
Epigenetic
therapy

HDAC
Inhibitors

SAHA PTCL and
CTCL

It can inhibit tumor growth and metastasis in
NKTCL xenograft model.

(73)

Romidepsin PTCL and
CTCL

It can induce complete and lasting response. (74)

Chidamide PTCL It has significant single drug activity and
controllable toxicity

(75)

Other
approaches

Proteasome
inhibitor

Bortezomib+ CHOP NKTCL ORR: 61.5% (76)
Bortezomib CTCL and

PTCL
ORR: 67% (77)

Bortezomib NKTCL ORR: 42.8% (78)
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EBV+ PTCL-NOS is a highly heterogeneous mature post-
thymic T cell tumour. CHOP is the most commonly used first-
line treatment for systemic PTCL, but this disease is usually
incurable. When EBV-related LPD is pathological grade 3 and
the patient has severe systemic symptoms, chemotherapy can be
considered to control the disease condition but cannot improve
patient prognosis (101).

Allo-HSCT
Numerous studies at home and abroad have proven that allo-
HSCT can cure EBV-T/NK-LPD. In 2000, K Kawa et al. first
reported the cure of a patient with CAEBV by allogeneic bone
Frontiers in Oncology | www.frontiersin.org 749
marrow transplantation, which also eradicated EBV-infected
peripheral T cells and natural killer cells (102). A series of
studies have proven an obvious survival benefit for patients
treated with HSCT (103, 104). However, the prognosis
of patients with active disease at allo-HSCT is worse than that
of patients without active disease (105). Arai et al. found that 4 of
the 5 patients with active disease at the time of HSCT
experienced transplantation failure or recipient cell recovery.
These findings suggest the importance of disease control before
HSCT. Recently, Ichiro Yonese et al. evaluated 100 patients with
newly diagnosed EBV-T/NK-LPD in Japan from January 2003 to
March 2016 and found that the 3-year overall survival rates of
TABLE 3 | Clinical trials of therapy for EBV LPDs.

Intervention/treatment Phase Tumour type ClinicalTrials.gov
Identifier

CD30 monoclonal
antibody

MDX-1401 Phase 1 R/R HL NCT00634452
BV Phase 2 cHL, PTCL NCT03947255
BV/BV + bendamostine/BV+ dacarbazine/BV+nivolumab Phase 2 HL, PTCL NCT01716806
BV/BV + nivolumab Phase 2 R/R HL, NHL NCT01703949
BV + nivolumab Phase 2 R/R HL NCT04561206
BV Phase 2 R/R HL NCT01508312
BV + chemotherapy Phase 1 and

phase 2
Stage II-IV HIV associated HL NCT01771107

BV + irutinib Phase 2 R/R HL NCT02744612
BV + nivolumab Phase 2 R/R HL NCT03057795
BV + chemotherapy Phase 2 Stage II-IV elderly HL NCT01476410
BV + chemotherapy Phase 3 Stage IIB/IIIB-IVB adolescent

HL
NCT02166463

BV + chemotherapy Phase 1 and
phase 2

R/R DLBCL NCT03356054

BV + lenalidomide + rituximab Phase 3 R/R DLBCL NCT04404283
BV / R/R PTCL NCT04213209
BV Phase2 PTCL NCT03947255

CTL Rituximab + LMP-CTL Phase 2 child PTLD NCT02900976
Tabelecleucel Phase 3 PTLD NCT03394365
Tabelecleucel Phase 2 EBV related diseases NCT04554914

PD-1 inhibitor Nivolumab + ifosfamide, + carboplatin+ etoposide Phase2 R/R HL NCT03016871
Nivolumab+radiotherapy Phase2 cHL NCT03480334
Camrelizumab +/— decitabine Phase2 HL NCT03250962
Camrelizumab + GEMOX Phase2 R/R HL NCT04239170
Sintilimab + RCHOP Phase2 EBV+DLBCL NCT04181489
Tislelizumab + zanubrutinib Phase2 EBV+DLBCL NCT04705129
Tislelizumab + dexamethasone, azacytidine + pegaspargase Phase2 NKTCL NCT04899414
Tislelizumab + (azacytidine + lenalidomide)/(etoposide,
pegaspargase)

/ NKTCL NCT05058755

Tislelizumab Phase2 NKTCL/PTCL NCT03493451
Avelumab Phase2 PTCL NCT03046953
PD-1 blocking antibody+ chidamide + lenalidomide +
gemcitabine

Phase 4 PTCL NCT04040491

PD-1 antibody+ HDAC inhibitor Phase 2 PTCL NCT04512534
Geptanolimab (GB226) Phase 2 PTCL NCT03502629
Sintilimab + chidamide+ azacidine Phase 2 PTCL NCT04052659
Nivolumab + cabiralizumab Phase 2 PTCL NCT03927105

HDAC inhibitor Romidepsin + pralatrexate+durvalumab +5-azacitidine Phase 1 and
phase 2

R/R PTCL NCT03161223

HDAC inhibitor+PD-1 antibody Phase 2 PTCL NCT04512534
Romidepsin + lenalidomide Phase 2 PTCL NCT02232516
Romidepsin + Ixazomib Phase 1 and

phase 2
R/R PTCL NCT03547700

Romidepsin + lenalidomide+ CC-486 (5-azacitidine) +
dexamethasone

Phase 1 PTCL. Etc. NCT04447027

Azacytidine + romidepsin + belinostat + pralatrexate +
gemcitabine

Phase 2 PTCL NCT04747236
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chemotherapy alone, allo-HSCT after chemotherapy and allo-
HSCT alone were 0%, 65% and 82%, respectively (58). Therefore,
chemotherapy has not solved the problem of disease activity
before transplantation. Although allo-HSCT can cure patients,
the risk of complications after transplantation is high, and it is
generally reserved for use in severe cases.

Immunotherapy
Monoclonal Antibodies
To date, several monoclonal antibodies against human CD38
have been successfully developed, such as daratumumab,
isatuximab (SAR650984) and MOR202 (59). Wang L and
colleagues demonstrated that 95% of NK/T cell lymphoma
(NKTCL) cases were CD38 positive and half had high CD38
expression, which was significantly correlated with adverse
results, indicating the potential role of CD38 as a therapeutic
target in ENKTCL (106). A subsequent case report described an
Asian woman with R/R NKTCL who achieved CR with
daratumumab (107). At the 2018 American Society of
Haematology (ASH) meeting, preliminary results reported a
good remission rate with daratumumab for the treatment of
patients with R/R NKTCL, and the ORR was 35.7% (59). The
latest phase 2 study of R/R NKTCL included 32 Asian patients,
and the ORR reached 25% after the application of single drug
daratumumab. All patients were well tolerated, but none reached
CR and the response duration was short (60). This may indicate
that daratumumab alone is insufficient to treat patients with
invasive characteristics, especially those with poor prognosis.
Whether daretouximab can be used in combination with drugs
Frontiers in Oncology | www.frontiersin.org 850
for the treatment of NKTCL remains to be further studied. The
CD30 drug–antibody conjugate brentuximab vedotin is effective
in NKTCL because CD30 was reported by Feng Y et al. to be
expressed in approximately 50% of 622 patients (108). To date,
no clinical trials have been conducted specifically for recurrent/
refractory NKTCL, but two patients were reported to achieve CR
after BV treatment. Hee Kyung Kim et al. reported a case of an R/
R NKTCL male patient with skin lesions who received
brentuximab vedotin monotherapy and achieved long-term CR
after 4 cycles. Subsequently, Li Mei Poon et al. treated ENKTCL
that relapsed after chemotherapy with a combination of
brentuximab vedotin with bendamustine and achieved CR (61,
62) (Table 2).

Checkpoint Inhibitors
EBV-driven latent membrane protein LMP1 is overexpressed to
activate the NF-kB/MAPK and JAK/STAT signalling pathways,
which leads to high PD-L1 expression. Based on the involvement
of these signalling pathways, anti-PD-1 antibodies and JAK1/2/3
inhibitors have been the subject of specific drug research and
applications (59) (Figure 3). Anti-PD-1 antibodies such as
pembrolizumab and nivolumab can disrupt the interaction
between PD-L1 and PD-1, thereby restoring the antitumour
activity of activated T cells (109). Kwong et al. Have confirmed
the efficacy of pembrolizumab in NKTCL patients (63); five of
the seven patients with advanced disease achieved a CR.
Immunohistochemical staining of residual lesions showed only
a few CD56+EBER+ cells in infiltrating lymphocytes. This
finding is consistent with the hypothesis that pembrolizumab
FIGURE 3 | Summary of the immunotherapeutic mechanism of EBV infected tumor cells. EBV infected tumor cells express PD-L1, and binding with PD-1-
expressing T cells in microenvironment can inhibit immune killing function; EBV drives the overexpression of latent membrane protein LMP and the activates NF- kB/
MAPK and JAK/STAT signaling pathways lead to high expression of PD-L1. Therefore, after the infusion of polyclonal EBV specific CTLs, the increased frequency of
EBV and LMP specific T cells and the application of PD-1/PD-1/L1 drugs can reduce immunosuppression and kill tumour cells.
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treatment allows T cells to recognize and kill EBV-infected NK/T
lymphoma cells. Xin Li et al. applied pembrolizumab in seven
patients with R/R ENKL after extensive pretreatment. Two had
CR and two had PR. The total response rate was 57% (64). In an
independent study, three patients with R/R NKTCL also
achieved a clinical response with low-dose nivolumab (65). In
addition to these two popular drugs, some other PD-1/PD-L1
studies have preliminary results. In a multicenter, single arm,
phase 2 clinical trial, among 28 R/R NKTCL patients, 75%
achieved ORR after continuous use of sindilimab for 24
months (66). The PD-L1 inhibitor avelumab also showed
monodrug activity in some patients with R/R NKTCL. In the
open label phase 2 study, Seok Jin Kim et al. reported a CR of
24% (5/21) and an ORR of 38% (8/21) (67). More relevant
prospective studies are still in progress (Table 3). PRN371 is a
small molecule selective JAK3 inhibitor. Nairismägi ML and his
colleagues conducted a preclinical evaluation of PRN371 and
found that it significantly inhibited tumour growth in an NKTCL
xenotransplantation model carrying a JAK3 activating mutation,
which is consistent with the in vitro results (69). In addition,
tofacitinib can significantly inhibit JAK3 activity in vivo and in
vitro, but its clinical application in cancer treatment is limited by
pan-JAK inhibitory activity. Shotaro Ando et al. found that
treatment of EBV-positive T and NK cell lines with tofacitinib
reduced phosphorylated STAT5 levels, inhibited proliferation,
induced G1 phase arrest and reduced EBV LMP1 and EBNA1
expression (70). In addition, Erika Onozawa et al. determined
that the JAK1/2 inhibitor ruxolitinib can inhibit the
phosphorylation of STAT3, thereby reducing the survival rate
of EBV-positive cells and cytokine production in CAEBV
patients (110) (Table 2).

PD-1 expression can be detected in 30–60% of PTCL/NOS
cases (111). In a single arm multicenter phase 2 study completed
in China, all R/R PTCL patients received at least one dose of
geptanolimab. Of the 89 patients with FAS, 40.4% achieved ORR,
and 14.6% achieved CR. Patients with PD-L1 expression ≥ 50%
benefited more from treatment (68). A large number of trials of
PD-1 inhibitors alone or in combination with other drugs in
PTCL are still ongoing (Table 3).

CTLs
Greater than 90% of cases of natural killer (NK)/T cell NHL,
nasal type, are related to latent type II EBV. Tumour cells can
express the weakly immunogenic EBV antigens LMP1, LMP2
and EBNA1. The stimulation of cytotoxic T lymphocytes
(CTLs) targeting LMP1 and LMP2 showed efficacy in EBV+
NKTCL. In a clinical trial of LMP-CTLs in 52 EBV-associated
lymphomas in the United States, 5 of 11 NKTCL patients
received CTLs as consolidation treatment after primary
radiotherapy or autologous stem cell transplantation. CR was
achieved for 2–6 years, 8 patients survived for at least 2 years,
and the longest period of CR was 6 years. In half of the patients,
EBV levels could not be detected in plasma during CR (71). One
patient with refractory NKTCL after autologous stem cell
transplantation also remained in CR for 2 years after CTL
infusion. Cho and colleagues studied LMP-CTL treatment in 8
patients with local disease and 2 patients with advanced
Frontiers in Oncology | www.frontiersin.org 951
NKTCL. All patients achieved CR within 4 years, with OS and
PFS rates of 100% and 90%, respectively (72). However, since
the 5-year survival rate of radiotherapy and chemotherapy can
be as high as 90%, it is not clear whether patients with early
disease truly benefit from CTL infusion. In conclusion, these
trials represent significant advances in NKTCL and EBV-
associated lymphoma. The role of CTL treatment in
maintaining local disease after first-line treatment remains to
be clarified. Longer follow-up and larger studies are needed to
confirm these results. At present, there is no phase III clinical
trial to guide clinical treatment.

Epigenetic Therapy
Histone Deacetylase Inhibitors
Reactivation of the EBV lytic cycle can enable cytotoxic antiviral
drugs to achieve a specific killing effect on EBV-positive cells.
These types of therapy include chemical lytic inducers and
nucleoside analogue antiviral prodrugs. Studies have shown
that HDAC inhibitors can reactivate the lytic cycle and lead to
enhanced apoptosis of NPC and gastric cancer cells (112–114).
HDAC inhibitors are divided into three categories according to
their chemical structure: hydroxamate, cyclic peptide and
benzamide. Suberoylanilide hydroxamic acid (SAHA) induces
apoptosis and/or cell cycle arrest in some T and NK cell lines.
SAHA also inhibited tumour progression and metastasis in a
mouse xenograft model, demonstrating that it can inhibit EBV-
related T and NK cell lymphoma (73). The cyclic peptide
romidepsin has been studied by Bertrand Coiffier et al., who
been found that romidepsin monotherapy can induce a complete
and lasting response in patients with recurrent or refractory
PTCL of all major subtypes, regardless of the number or type of
previous treatments, and has controllable toxicity (74). At
present, SAHA and romidepsin have been approved by the
FDA for the treatment of many types of malignant tumours,
such as peripheral and cutaneous T-cell lymphomas (115). Both
drugs can induce an EBV lysis cycle at acceptable concentrations
in patient plasma (113, 116). Chidamide is a novel oral
benzamide HDAC inhibitor. In a phase II study, Y. Shi et al.
evaluated the efficacy and safety of chidamide in recurrent or
refractory peripheral T-cell lymphoma (PTCL) in a Chinese
population and found that it has significant single-agent activity
and controllable toxicity (75). Seventy-nine patients were
enrolled, and an ORR of 28% was reported; 14% of the
patients achieved a CR/CRu, and the OS was 21.4 months.
Among these patients, the effects were more pronounced and
the response was more durable in AITL patients. Most adverse
events were limited to grades 1–2. Based on the results of this
critical trial, CFDA approved chidamide for this indication in
December 2014. However, it should be noted that HDAC,
especially romidepsin, may lead to serious adverse events
based on the mechanism of EBV cleavage recirculation
activation. In an open label prospective pilot study, SJ Kim
et al. found that three of the five NKTCL patients treated with
romidepsin had a rapid increase in EBV DNA titer in their blood
and an increase in liver enzymes and bilirubin levels (117).
Therefore, patients with NKTCL should avoid using romidepsin,
but patients with recurrent refractory diseases without other
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treatment options can consider the combination of two or more
research drugs with strong biological principles. Joo Hyun Kim
et al. conducted high-throughput screening of FDA approved
drugs and tested them in EBV positive cell lines. It was found
that phosphodiesterase 5 (PDE5) inhibitors, such as sildenafil,
seem to be non-toxic and effective inhibitors of romidepsin
induced EBV reactivation (118). A large number of clinical trials
of HDAC inhibitors combined with other drugs are
ongoing (Table 3).

Other Approaches
Proteasome Inhibitors
Proteasome inhibitors have been shown to inhibit cell growth
and promote cell death in a variety of cancers. Bortezomib is the
first proteasome inhibitor approved by the FDA in 2003 for the
treatment of multiple myeloma (MM) and mantle cell
lymphoma (119). The manipulation of normal ubiquitin
proteasome system function by EBV is vital for virus
replication and the survival of virus-infected cells. EBNA-1,
LMP-2A and LMP-1 inhibit proteasome-mediated degradation
to maintain virus latency, while bortezomib can reactivate the
EBV lytic cycle in EBV-related BL cells (120). Induction of the
EBV lytic cycle can activate the radioisotope [125I]2’-fluoro-2’-
deoxy-b-D-5-iodouracil-arabinofuranoside, selectively
inhibiting the growth of BL xenografts in severe combined
immunodeficiency (SCID) mice (121). Granato M et al. found
that bortezomib activates endoplasmic reticulum (ER) stress and
that C/EBP-b, C-Jun N-terminal kinase (JNK) and autophagy
mediate the transformation of a latent to a lytic EBV infection. It
is more difficult to induce the EBV lysis cycle in lymphoid cells
than in epithelial cells, and this effect is limited to BL cells (122).
In addition to reinducing the lysis cycle, bortezomib can affect
the apoptosis of EBV-related malignant tumour cells. The latent
EBV membrane protein LMP-1 has been shown to activate the
NF-kB pathway in BL and NPC, and this pathway has strong
tumorigenic activity and may contribute to resistance to
apoptosis inducers (123, 124). Bortezomib can protect the
inhibitory protein IkBa and block NF-kB activation, leading to
malignant cell apoptosis (125–128). It has been reported that
bortezomib can induce the apoptosis of NK lymphoma/
leukaemia cells, and this result was verified in vivo (76, 77,
129). In a phase I study, bortezomib combined with CHOP was
administered to patients with advanced invasive T-cell
lymphoma, and the ORR was 61.5%. Pier Luigi Zinzani et al.
obtained a 67% ORR in patients with cutaneous T-cell
lymphoma and invasive T/NK cell lymphoma treated with
bortezomib monotherapy. In a study involving 6 NKTCL
patients, the ORR after treatment with the B-GIFOX
(bortezomib, gemcitabine, oxaliplatin and ifosfamide) regimen
was 42.8% (78).

Selective Nuclear Export Protein Inhibitors
XPO1 is a nuclear export protein responsible for transporting
biological macromolecules from the nucleus, including tumour
suppressor proteins (TSPs) (e.g. p53, p73, FOXO3a, and IkB),
growth regulators (e.g., glucocorticoid receptors), and oncogenic
proteins (e.g., mRNA, c-myc, cyclin D, Bcl-2, and Bcl-6). In
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healthy cells, this process is strictly regulated to maintain an
appropriate balance between cell growth and apoptosis (130).
Studies have found that high levels of XPO1 are associated with
poor clinical prognosis of multiple myeloma, DLBCL,
glioblastoma and other diseases (130–132). As a linker protein,
the EBV protein SM is involved in the nuclear output of mRNA
encoding the soluble EBV gene. XPO1 inhibitors can covalently
bind to XPO1 active sites and inhibit the output of
corresponding mRNAs to the cytoplasm for translation,
thereby effectively inhibiting EBV replication and virus
transmission (133). Based on the mechanism of action of
XPO1 inhibitors, they have broad application prospects in
EBV-LPD and are under clinical investigation. A double-blind,
placebo-controlled, phase I study of ATG-527 (KPT-335,
verdinexor) for the treatment of CAEBV is ongoing; the aim of
this study is to evaluate the safety, tolerability, pharmacokinetics
and overall treatment response of different dose levels of ATG-
527 in patients with CAEBV.

Exosomes
Exosomes are small membrane-bound vesicles secreted by cells.
These extracellular vesicles (EVs) carry a wide range of molecules
and affect intercellular communication, which contributes to the
pathogenesis of various diseases and infections (134, 135). There
is considerable evidence that EBV-related exosomes specifically
package a variety of viral components that may promote EBV
infection (such as LMP-1, lmp-2a, EBER, viral RNA, and
miRNA) (136–139), which may help EBV establish the
surrounding tumour microenvironment to promote tumour
growth and survival. In addition, Keryer-Bibens C et al. found
that galectin-9-containing exosomes inhibited EBV-specific T
cell proliferation and induced apoptosis (136). Therefore,
blocking these exosomes can restore immune surveillance
while resisting tumours. Exosomes have been designated as an
effective target for cancer treatment, but they need to be
further explored.
CONCLUSION

In general, there has been great progress in our understanding
and treatment of EBV-LPDs in recent years from traditional
chemotherapy, changes in immunosuppressants and HSCT to
immunotherapy, gene therapy and epigenetic therapy stemming
from discoveries of signaling pathways and virus latency and
lysis cycles; together, this improved understanding will lead to
the development of better treatment options with fewer side
effects. Among such potential treatments, proteasome inhibitors,
HDAC inhibitors and JAK inhibitors have been tested in vitro
and in vivo using xenotransplantation models. The effects of
rituximab, nivolumab, pembrolizumab, daratumumab,
bortezomib and CTLs have been confirmed in clinical trials.
However, we must appreciate that most of the research results
are limited to specific groups. For heterogeneous populations of
EBV-LPDs, immunotherapy targets, checkpoint inhibitors,
CTLs, small molecule targets and even gene therapy are still
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elusive. We hope that as the data and science related to these
methods mature, they will provide alternative treatments as both
monotherapy and combination therapy.
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In clinical practice, arsenic trioxide can be used to treat a subset of R/R CML patients, but
resistance tends to reappear quickly. We designed an experiment to study arsenic trioxide
resistance in K-562 cells. Previously, we identified the UNC13B gene as potentially
responsible for arsenic trioxide resistance in K-562 cells via gene chip screening followed
by high-content screening. We aimed to investigate the role and mechanism of the
UNC13B gene in K-562 cells, an arsenic trioxide-resistant chronic myeloid leukemia cell
line. In vitro lentiviral vector-mediated UNC13B siRNA transfection was performed on K-
562 cells. The roles of UNC13B in cell proliferation, apoptosis and cell cycle pathways,
and colony formation were analyzed by CCK-8 assay, fluorescence-activated cell sorting,
and soft agar culture, respectively. Gene chip screening was used to define the possible
downstream pathways of UNC13B. Western blot was performed to further validate the
possible genes mediated by UNC13B for arsenic trioxide resistance in patients with
chronic myeloid leukemia. UNC13B downregulation significantly inhibited growth,
promoted apoptosis, decreased colony formation, reduced the duration of the G1
phase, and increased the duration of the S phase of K-562 cells. Western blot results
confirmed that UNC13Bmay modulate the apoptosis and proliferation of arsenic trioxide-
resistant chronic myeloid leukemia cells through the mediation of MAP3K7, CDK4, and
PINK1.UNC13B is a potential therapeutic target for patients with arsenic trioxide-resistant
chronic myeloid leukemia.

Keywords: arsenic trioxide, drug resistance, UNC13B, mitochondria, chronic myeloid leukemia
INTRODUCTION

Chronic myeloid leukemia (CML) is a malignant tumor resulting from a clonal proliferation of bone
marrow hematopoietic stem cells, accounting for 15% of adult leukemias (1). According to clinical
trials, an estimated 20–30% of patients fail to achieve an expected therapeutic effect with the use of
tyrosine kinase inhibitors (TKIs) or develop resistance to TKIs after preliminary efficacy is obtained
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(1). Furthermore, most patients with CML have a high
probability of developing blast crisis (2). New-generation TKIs
have an increased potency in the treatment of CML; however, the
use of these agents fails to prevent disease progression in some
patients (3). TKI in combination with X regimen is an option for
patients with CML; X drugs include interferon, cytarabine,
homoharringtonine, and arsenic trioxide (ATO) (4).

ATO use has been approved for the treatment of patients with
primary, relapsed, and refractory acute promyelocytic leukemia.
Wang et al. reported that ATO inhibits the Wnt/b-catenin
signaling pathway by downregulating the expression of CD44
on the surface of K-562 cells, which ultimately inhibits cell
proliferation and prevents tumorigenesis (5). ATO resistance
decreases treatment efficacy in patients with leukemia.

To explore the potential mechanism of ATO resistance, we
previously developed an ATO-resistant CML cell line (K-562)
cells; moreover, we identified that UNC13B was highly expressed
in such cells via gene chip screening. We hypothesized that this
gene may be related to ATO resistance in K-562 cells.
MATERIALS AND METHODS

Target Gene Screening
Previously, we identified ATO-resistant K-562 cells (ATCC,
Virginia, USA) by culturing K-562 cells with varied
concentrations of ATO. The surviving cells were passaged and
repeatedly treated with ATO until a stable ATO-resistant cell line
was achieved. To evaluate the effect of the target gene on ATO
resistance, we isolated and analyzed ATO-resistant K-562 cell
RNAs using GeneChip PrimeView Human Gene Expression
Assay (Thermo Fisher Scientific, Waltham, MA). From
hundreds of highly expressed genes, 20 genes were selected
and downregulated for high-content screening via the CCK-8
assay. UNC13B was identified as a target gene for further analysis
in the current study.

Cell Culture and Transfection
K-562 cells were cultured in an RPMI 1640 medium containing
15% fetal bovine serum at 37°C and an incubator atmosphere of
5% CO2. Based on the nucleotide sequence of UNC13B in the
GenBank database (GenBank: NM 020313.2), the ATO-resistant
K-562 cells were transfected with UNC13B shRNA (shUNC13B)
using a lentivirus vector. Cells were also transfected with non-
target shRNA as control (shCtrl). Gene expression was screened
24 h after transfection.

Reverse Transcription-PCR
Reverse Transcription-PCR was used to analyze UNC13B
expression levels of the transfected cells after UNC13B
knockdown, following a previously reported procedure (6).
The total RNA was extracted via the TRIzol method
(Invitrogen, Carlsbad, CA) and reverse-transcribed into cDNA.
The amplification reaction was performed with an ABI 7500
system (Thermo Fisher Scientific). GAPDH was used as an
Frontiers in Oncology | www.frontiersin.org 259
internal reference. Some samples were processed according to
the instruction of the 3’ IVT Plus kit (Thermo Fisher Scientific)
for the evaluation of the genes on a chip.

CCK-8 Assay
After various treatments, cells were cultured in a 96-well plate for
24, 48, and 72 h. At each time point, 10 µL of CCK-8 was added
into the wells and cultured with the cells in the incubator for 4 h.
Finally, the optical density at 490 nm was determined via a
microplate reader (iMARK; Bio-Rad, Hercules, CA).

Flow Cytometry
Apoptosis and cell cycle analysis were performed by flow
cytometry. For cell apoptosis evaluation, annexin-APC was
used to stain the cells prior to the test according to the
manufacturer’s instruction (BD Biosciences, Franklin Lakes,
NJ). Propidium iodide was used to stain the cells for cell cycle
examination. The cells were analyzed in a BD FACSCelesta flow
cytometer (BD Biosciences). Fluorescence-activated cell sorting
was performed to analyze target cell ratios.

Colony Formation Assay
K-562 cells were collected and suspended with a density of 500
cells/mL using RPMI 1640 medium with 20% fetal bovine serum.
We used 9 mL of suspended cells and 1 mL of 3% low-melting-
point agarose solution to prepare a cell agarose suspension,
which was seeded into a 6-well plate with 3 mL into each well
in triplicate. The cells were placed in a refrigerator at 4°C for
10 min and transferred to a cell incubator for culture. After 18
days of culture, the cells were stained with a 0.05% crystal violet
staining solution and then observed under a microscope.
Ingenuity Pathway Analysis
The RNA of the UNC13B knockdown ATO-resistant K-562 cells
was tested using Ingenuity pathway analysis (IPA; Qiagen,
Hilden, Germany) and the 3’ IVT Plus kit (Thermo Fisher
Scientific) for downstream gene screening. A gene interaction
network was built with IPA, and genes related with the growth
and apoptosis of tumor cells were identified; some of these genes
were selected for Western blot analysis.
Western Blotting
The cells were collected and disrupted by sonication, total protein
was extracted, protein concentrations were determined using a
bicinchoninic acid quantitative kit (Beyotime Biotechnology,
China), and sodium dodecyl sulfate polyacrylamide gel
electrophoresis was performed. The proteins were transferred to
polyvinylidene fluoride (PVDF) membranes and blocked with 5%
non-fat dry milk at 4°C for 6 h. Mouse anti-human UNC13B
monoclonal antibody (ab97664, abcam) was added to the
membrane and incubated overnight at 4°C. Mouse or goat anti-
human IgG secondary antibody was then incubated for 2 h. The
contents of UNC13B, MAP3K7 (ab109526, abcam), CDK4
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(#12790, CST), and PINK1 (ab23707, abcam) proteins on PVDF
membranes were detected by chemiluminescence.

Statistical Analysis
Data are presented as mean ± standard deviation. Student’s t-test
was used to assess the differences between two groups. Statistical
significance was established at p < 0.05.
RESULTS

UNC13B Was Positively Correlated With
K-562 Cell Proliferation
UNC13B (hMUNC13, MUNC13-2, UNC13, Unc13h2) codes
UNC-13 homolog B (UNC13B), was a target of diacylglycerol
second messenger pathway. UNC13B is primarily located in
vesicles, and promotes exocytosis by promoting vesicle
maturation. Since our pervious results showed significantly
elevated levels of UNC13B in ATO-tolerant cell lines, we first
investigated the relationship between UNC13B and cell survival
in this study. We transfected UNC13B shRNA (shUNC13B)
with a lentivirus vector to analyze the association between
UNC13B and cell proliferation. After shUNC13B transfection,
UNC13B expression in the K-562 cells significantly decreased
Frontiers in Oncology | www.frontiersin.org 360
compared to that of the control (Figures 1A–C). UNC13B
levels were further identified in clinical samples with ATO-
resistant. The results showed that UNC13B levels were
significantly increased in ATO-resistant sample compared to
para-cancer tissues (Figure 1D). CCK-8 analysis showed that
UNC13B knockdown had a greater inhibitory effect on the
growth of ATO-resistant K-562 cells than that of control cells
during the 5-day culture period (Figure 2).

UNC13B Downregulation Promotes
Cell Apoptosis
Further, we analyzed the reasons for the increase in live cell
number, verified the apoptosis, viability and cell cycle after
transfection. Flow cytometry analysis indicated a significant
increase in the apoptosis ratio of ATO-resistant K-562 cells
after UNC13B knockdown. Furthermore, the colony formation
assay showed that the size of the formed tumors in the
shUNC13B group was much smaller than those in the control
group (Figure 3). Moreover, flow cytometry analysis showed a
decrease and an increase in the number of G1 and S phase cells,
respectively, among the ATO-resistant K-562 cells, albeit no
significant change in the number of G2/M phase cells (Figure 4).
These results suggest that the down-regulation of UNC13B leads
to apoptosis and affects cell viability.
A B

DC

FIGURE 1 | UNC13B expression of arsenic trioxide (ATO)-resistant K-562 cells after UNC13B knockdown. Cell viability (A) and transfection efficiency (B) were identified 48 h
after transfection in the range of 10 pmol to 80 pmol shUNC13B. (C) The cells were analyzed 3 days post-knockdown via quantitative PCR. (D) Transcriptional levels of
UNC13B were identified in ATO-tolerance clinical samples (n=13), control group referred to paracancer tissues (n=8). *p < 0.05, **p < 0.01.
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UNC13B Is Involved in Mitochondrial
Fusion Regulation
We analyzed downstream genes involved in UNC13B, in the
gene interaction network, approximately 20 genes showed
reduced expression after UNC13B knockdown (Figure 5). IPA
demonstrated that UNC13B may affect downstream genes and
the proliferation and apoptosis of K-562 cells through an
interaction with NRAS and SRSF1, genes with significant
differences included PINK1 (mitochondrial fusion), PPPICB
(chromosome structure, cell cycle),QKI (RNA binding
protein), MAPKAPK2 (DNA damage), NFYA (DNA binding),
MAP3K20 (cell cycle, signaling), CDK4 (cell cycle G1 phase),
PML (apoptosis), VTI1A (protein transport) (Figure 5).
According to the results of Figure 4, we excluded genes related
to cell cycle, we further evaluated genes via western blot and
found that UNC13B knockdown induced an obvious
upregulation of MAP3K7, CDK4, and PINK1 proteins
Frontiers in Oncology | www.frontiersin.org 461
(Figure 6). Above results indicated that UNC13B regulated
both apoptosis and mitochondrial fusion, and further promote
cell tolerance to ATO.
DISCUSSION

Most patients with CML improve considerably with TKI
treatment; however, CML cannot be cured using TKI (7),
because TKIs cannot completely eliminate leukemia stem cells
from the bone marrow, which is the root cause of relapse in
patients with chronic-phase CML after remission. After more
than 20 years of observing the effects of TKIs, it has been
clinically found that TKIs do not have a good therapeutic effect
on patients with CML in the accelerated phase or during blast
crisis. Moreover, some patients respond slowly to TKI treatment,
FIGURE 3 | Soft agarose colony formation of arsenic trioxide (ATO)-resistant K-562 cells after UNC13B knockdown. Three representative images of each group.
Scale bar: 500 µm.
A B

FIGURE 2 | CCK-8 evaluation of the influence of UNC13B knockdown on the proliferation of arsenic trioxide (ATO)-resistant K-562 cells. (A) Optical density (OD)
value of the cells measured at 450 nm and tested via CCK-8 assay in different timepoints. (B) OD/fold of (A). **p < 0.01, ***p < 0.001.
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whereas others exhibit primary drug resistance. Studies have
shown that the abovementioned phenomenon may result from
tumor-related gene mutations (8), novel BCR-ABL transcripts
(9), BCR-ABL fusion mutations (such as T315I) (10), and long-
term medication history (11). Hematopoietic stem cell
transplantation (HSCT) remains the only radical cure for
CML; nonetheless, based on the relatively slow progress of
CML and the relatively high risk of allograft HSCT (allo-
HSCT), allo-HSCT is not recommended as the first choice for
CML treatment. TKIs are recognized as an early CML treatment
method; however, they can only prolong life rather than cure the
disease. Once the patient undergoes a sudden change (for
Frontiers in Oncology | www.frontiersin.org 562
example, a T315I mutation), the optimal transplant period is
missed, thereby resulting in an extremely poor prognosis.

By the 19th century, Fowler’s solution, or ATO, was used in
the treatment of CML. Before the advent of chemotherapeutics,
ATO was the gold standard for CML treatment. A 2-week ATO
treatment course can achieve complete hematological remission
in 74% of patients with chronic-phase CML (12, 13). Due to its
unique mechanism of action, ATO plays a unique role in CML
treatment, even in the era of TKIs (14). ATO reportedly destroys
CML cells by reducing PML expression and kills CML tumor
stem cells (15). Therefore, ATO has excellent application
prospects in the eradication of CML, thereby bringing new
FIGURE 5 | Gene interaction network based on ingenuity pathway analysis. *p<0.05.
A B

D E F

GC

FIGURE 4 | Cell cycle analysis by fluorescence-activated cell sorting (FACS) of arsenic trioxide (ATO)-resistant K-562 cells after UNC13B knockdown. (A–C) FACS analysis of
the shCtrl group. (D–F) FACS analysis of the shUNC13B group. (G) Quantification of the G1, S, and G2 phases of the shCtrl and shUNC13B groups. **p < 0.01.
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treatment opportunities for patients with CML who could not
benefit from HSCT. Additionally, two clinical studies have
shown that 74% of patients who undergo ATO treatment for
CML attain complete remission (12, 13).

ATO has been used in combination with other drugs in a variety
of cancers, such as T-cell acute lymphoblastic leukemia (16),
myelodysplastic syndromes (17), idiopathic thrombocytopenic
purpura (18), acute myeloid leukemia (19), and multiple
myeloma (20); moreover, it has been used in patients with both
newly diagnosed and refractory or relapsed cancers. ATO shows a
certain degree of curative effect, and so our group has been
examining ATO resistance in leukemia. In the early stage of the
current study, UNC13B expression was found to be increased in
tumor cells of ATO-resistant patients (data not shown). Through in
vitro experiments, it was found that UNC13B expression was
significantly increased in ATO-resistant K-562 cells; hence, we
speculate that UNC13B is an important gene for ATO resistance.

We found that the growth ability of CML K-562 cells was
significantly inhibited after downregulation of UNC13B. To
clarify the underlying mechanism, we investigated changes in
relevant regulatory molecules in K-562 cells.

NRAS (neuroblastoma RAS viral oncogene homolog) belongs
to the RAS guanosine triphosphatase gene family. Acting as a
molecular switch, NRAS is located on the cell membrane surface
Frontiers in Oncology | www.frontiersin.org 663
and can transfer extracellular signals to the nucleus to regulate
cell proliferation, differentiation, and apoptosis (21). Patients
with acute myeloid leukemia and NRAS mutations have a low
overall complete remission rate of approximately 10% (22).

SR proteins are responsible for regulating constitutive and
alternative splicing in genes and may shuttle between the
nucleus and cytoplasm. SRSF1 (serine/arginine-rich splicing
factor 1), a typical SR protein family member, is localized on
chromosome 17q23 and contains an N-terminal RRM domain
and a C-terminal RS domain. The RRM domain is responsible for
mediating RNA binding and determining the substrate specificity
of SR proteins. The RS domain is mainly involved in protein-
protein interactions and regulates the formation of SRSF1-ESE
complexes via phosphorylation and dephosphorylation of serine
residues. ESE binding to SRSF1 can activate and inhibit splicing.
SRSF1 regulates alternative splicing by recognizing and binding to
ESEs (23). SRSF1 is a key target of Myc, which directly or
indirectly binds to the SRSF1 promoter region and activates its
transcription (24).

Furthermore, it has been found that dinaciclib, a CDK1/2
inhibitor, produces cytotoxicity by inhibiting the expression of
CHD1 and MAP3K7 (a recently discovered protein), and
prevents the proliferation of mouse prostate cells (25). CDK4
is one of eight cyclin-dependent kinases, all of which can bind to
d-type cyclins after mitotic signal activation to form CDK4-
cyclin complexes, thereby promoting reverse transcription and
playing a role in the process of cell proliferation (26). In tumor
cells, CDK4/6 hyperactivation results in genomic and
chromosomal instability with uncontrolled cell proliferation,
which ultimately leads to abnormal cell cycle regulation (27).
PINK1 promotes tumor survival, protects cancer cells from
different cytotoxic agents (28), and exerts its biological
function through oxidative stress (29). In the present study, we
found that the downregulation of UNC13B could in turn
downregulate MAP3K7, CDK4, and PINK1 in K-562 cells;
hence, UNC13B might directly or indirectly promote the
biological activity of ATO-resistant CML cells by affecting the
expression of the abovementioned proteins.

PTEN induced kinase 1(PINK1) is mainly located in
mitochondria, and its function is to inhibit mitochondrial
dysfunction (30). Mitochondria are the site of oxidative
metabolism in eukaryotes, where sugars, fats and amino acids
eventually oxidize and release energy. At the same time,
mitochondria can also store calc ium ions and act
synergistically with structures such as endoplasmic reticulum
and extracellular matrix to control the dynamic balance of
calcium ion concentration in cells.

Previous reports have shown that PINK1 is essential for
mitochondrial quality control (30). PINK1 inhibition leads to
mitochondrial excessive fusion, and further improve the
efficiency of oxidative phosphorylation (31). In our results, the
expression level of PINK1 was also significantly decreased with
the inhibition of UNC13B. This suggests that the quality control
of mitochondria will be significantly affected during UNC13B
down-regulation, and the accompanying metabolic disorders will
further affect the cell energy metabolism.
FIGURE 6 | Western blotting analysis of key proteins mediated by UNC13B.
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Due to insufficient experimental funds, this experiment did
not conduct gene chip experiments, nor did it detect the entire
series of proteins in major signaling pathways.

We found that UNC13B downregulation may in turn
downregulate the contents of MAP3K7, CDK4, and PINK1 in
K-652 cells. Moreover, UNC13B may directly or indirectly
promote the biological activities of ATO-resistant CML cells by
affecting the abovementioned proteins, the underlying
mechanism may involve mitochondrial quality control. These
findings provide potential benefits for the treatment of patients
with CML. Furthermore, our study may provide a treatment
strategy for the clinical treatment of non-ATO-resistant CML.
Although the findings of this study are very promising, they
should be verified via further studies.
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Therapeutic targeting of leukemic stem cells is widely studied to control leukemia. An
emerging approach gaining popularity is altering metabolism as a potential therapeutic
opportunity. Studies have been carried out on hematopoietic and leukemic stem cells to
identify vulnerable pathways without impacting the non-transformed, healthy
counterparts. While many metabolic studies have been conducted using stem cells,
most have been carried out in vitro or on a larger population of progenitor cells due to
challenges imposed by the low frequency of stem cells found in vivo. This creates artifacts
in the studies carried out, making it difficult to interpret and correlate the findings to stem
cells directly. This review discusses the metabolic difference seen between hematopoietic
stem cells and leukemic stem cells across different leukemic models. Moreover, we also
shed light on the advancements of metabolic techniques and current limitations and areas
for additional research of the field to study stem cell metabolism.

Keywords: hematopoietic stem cells, metabolism, metabolic techniques, leukemic stem cells (LSCs), leukemia
INTRODUCTION

Cancer cells metabolically reprogram to thrive in a stressed environment, lead to disease
progression and even drug resistance. This is considered as metabolic adaptability of cancer cells.
They can be metabolically flexible (ability to use different substrates as a source of energy) and/or
metabolically plastic (ability to process a substrate through different pathways). Although metabolic
adaptability is beneficial for the cancer cells, it can also serve as a limiting factor for their survival
and hence making them vulnerable to inhibitors. This review will focus on such metabolic
adaptations seen in leukemic stem cells compared to healthy counter parts as well as
advancement and limitation in the field (1).

Like hematopoietic stem cells (HSCs), leukemic stem cells (LSCs) are quiescent, have self-
renewal potential and the ability to engraft. Additionally, LSCs are also defined by their
leukemogenic potential. To eradicate LSCs, researchers are exploring the field of metabolism to
find metabolic differences between LSCs and their healthy counterparts. In leukemia, transformed
cells acquire metabolic changes, which could be oncogene driven in addition to environmental or
stress cues to aid survival. Not only do LSCs in the bone marrow metabolize differently from non-
transformed cells, but they also have a different metabolic profile from the bulk of the disease.
Furthermore, LSCs are a heterogeneous population and, in some cases, rare cells, posing a limitation
to study. However, with an increase in the number of studies related to metabolism, new techniques
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have been developed to overcome the shortcomings of older
methods. In this review, we focus on the metabolic difference
between hematopoietic and leukemic stem cells, the new
techniques developed and the challenges in studying and
metabolically targeting leukemic stem cells.
METABOLISM OF HEMATOPOIETIC
STEM CELLS

HSCs are found in a hypoxic environment of the bone marrow
(2). HIF-1a (Hypoxia Inducible Factor) is a hypoxic sensor
stabilized under low oxygen concentration (3). Among other
genes, HIF-1a induces expression of lactate dehydrogenase
(LDH) and pyruvate dehydrogenase kinase (PDK) gene family,
which are essential regulators of anerobic glycolysis (4).
Inhibition or deletion of HIF-1a, PDK2/4, and LDHA leads to
increased proliferation and exhaustion of the HSCs (4–6).
However, inhibition of pyruvate kinase (PKM2), another
glycolysis rate-limiting enzyme, has no impact on the regular
function of HSCs unless they are stressed by serial transplant (4).
On top of glucose metabolism, fatty acid desaturation (FADS)
and oxidation (FAO) are also essential for the maintenance,
proliferation, and differentiation of HSCs (7–9). An active FAO
leads to asymmetric cell division of HSCs giving rise to
downstream progenitors, while inhibition of FAO leads to
symmetric cell division, promoting self-renewal (8).

Owing to the glycolytic nature of HSCs, compared to the
hematopoietic progenitors and mature hematopoietic cells, they
have reduced mitochondrial respiratory capacity, turnover rate,
and mitochondrial activity but a high mitochondrial mass (10,
Frontiers in Oncology | www.frontiersin.org 267
11). Inhibition of mitochondrial carrier homolog 2 (MTCH2), a
regulator of mitochondrial activity, leads to an increase in
mitochondrial size, ATP production, and reactive oxygen
species (ROS), leading to a shift from glycolysis to oxidative
phosphorylation (OxPhos) that triggers the entry of HSCs into
cell cycle (12). This subsequently causes a functional decline of
HSCs, marked by the accumulation of dysfunctional
mitochondria due to asymmetric cell division and loss of
Dynamin-related protein 1 (Drp1) function, a key regulator of
mitochondrial fission (13). On the contrary, mitochondrial
fusion protein, mitofusin2 contributes to maintaining
lymphoid potential in HSCs (14). Moreover, inhibiting
fumarate hydratase, a critical enzyme of the citric acid cycle
(CAC), reduces the long-term repopulating potential of HSCs
(15). On the contrary, inhibiting mitochondrial phosphatase,
Ptpmt1, impairs HSC differentiation by activating 5’ Adenosine
Monophosphate-activated Protein Kinase (AMPK), aiding in the
maintenance of self-renewal potential (16, 17). Individual
metabolites also play an important role in maintaining of
HSCs (18); however, significantly more work needs to be done
to understand their role in HSC function.

Most of the data collected above were done with young HSCs,
however, opposed to young HSCs, aged HSCs have increased
autophagy, dysfunctional chaperone-mediated autophagy,
metabolic activity, myeloid bias with reduced engraftment, and
hematopoiesis potential, as well as accumulation of dysfunctional
mitochondria (9, 13, 19). However, increasing the mitochondrial
membrane potential using mitochondrially targeted coenzyme-
Q10 (Mitoquinol, MitoQ) or pharmacological activation of
chaperon mediating autophagy reverses the aging HSC
phenotype (9, 20). This indicates that the right balance of
FIGURE 1 | Metabolic regulation of HSCs. Young hematopoitic stem cells have a higher mitochondrial mass, but the mitochondria are inactive, and the cells rely on
glycolysis. However, under stress, increase in metabolic activity, OXPHOS (oxidative phosphorylation) and FAO (fatty acid oxidation) lead to impaired stem cell
function. This phenomenon can be reversed by increasing mitochondrial membrane potential (MMP).
June 2022 | Volume 12 | Article 846149

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


Patel et al. Metabolic Plasticity of Leukemic Cells
anerobic glycolysis and OxPhos is essential for maintaining
healthy HSCs (Figure 1).
METABOLISM IN MYELOID LEUKEMIA

Acute Myeloid Leukemia (AML)
AML is mostly a clonal disorder commonly seen in the aged
population and comprises 62% of all leukemia-related deaths
(21). It is genetically heterogeneous and complex leukemia with
multiple known mutations (NPM1, CEBPa, DNMT3A, Flt3-
ITD, IDH, TET2, ASXL, SF3B1) and translocations (AML-
ETO, MLL-AF9) (22). Patients usually have more than one of
these cytogenetic abnormalities, and based on the combination, a
patient’s prognosis can be predicted (23, 24). AML LSCs are
metabolically classified as cells with low levels of ROS. LSCs with
less ROS are quiescent, have a self-renewal potential, and resist
drug treatment (25). These cells are dependent on mitochondrial
function as well as mitophagy for their survival. Inhibition of
mitochondrial translation, mitochondrial chaperonin, CLPB or
even mitophagy regulator, FIS1 (Mitochondrial Fission 1
protein) and its upstream target AMPK leads to loss of LSC
self-renewal potential, myeloid differentiation, and cell cycle
arrest and ultimately cell death even for the resistant AML
LSCs (26–28).

Dependency of AML LSCs on mitochondrial function is
associated with decreased levels of mitochondrial reactive
oxygen species and concomitantly increased reliance on
OxPhos rather than glycolysis as in normal HSCs to meet the
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cell’s energy demand (25). Indeed, instead of relying on
incomplete glucose oxidation through the Embden-Meyerhof-
Parnas glycolytic pathway, AML LSCs depend on substrate
oxidation – especially fatty acid and amino acid catabolism –
in mitochondria. One potential reason could be increased
expression of pyruvate dehydrogenase kinase (PDK) observed
in AML patients, which inhibits glycolysis by phosphorylating
and inactivating the enzyme pyruvate dehydrogenase (29, 30).
Inhibiting amino acid metabolism and FAO – especially very-
long-chain, polyunsaturated fatty acids - along with the
traditional therapy eradicates the sensitive and resistant AML
LSCs, respectively (31–36). More specifically, non-essential
amino acid cysteine, which forms an integral part of
glutathione synthase functionality as the rate-limiting substrate
for glutathione biosynthesis, maintains the redox balance in
AML and prevents oxidative stress (Figure 2). Inhibition of
cysteine or depletion of glutathione impairs the activity of
electron complex II, subsequently inhibiting OxPhos,
eradicating the AML LSCs (37, 38). Glutamine is another
amino acid that feeds into the CAC and regulates OxPhos.
Inhibition of glutaminase, a critical enzyme for glutamine
metabolism, has also been found to eliminate AML LSCs (39–
41). Glutaminolysis also fuels the synthesis of glutathione – the
main soluble antioxidant metabolite - by providing one of the
rate-limiting substrates along with cysteine – glutamate (42–44).
Regulation of glutathione synthesis by a mechanism of cysteine
depletion or inhibition of glutaminolysis is in part controlled by
sirtuin 5 (SIRT5) and is a targetable metabolic vulnerability in
AML (38, 45). Glutathione synthesis and recycling are also
FIGURE 2 | Metabolic difference between AML and CML LSCs. AML LSCs are reliant on OxPhos and yet have low ROS level controlled by mitophagy. Moreover,
AML LSCs use amino acid and fatty acid metabolism to fuel the citric acid cycle. CML LSCs on the other hand exhibit increased mitochondrial biogenesis, FAO,
OXPHOS and ROS. ROS leads to DNA instability and subsequently. Causes mutation in the BCR-ABL oncogene, rendering the cells resistant to drug treatment.
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influenced by the kinase ataxia telangiectasia mutated (ATM)
through transcriptional control of glucose 6-phosphate
dehydrogenase (G6PD), the rate-limiting enzyme of the
pentose phosphate pathway (PPP) (46). PPP generates
reducing equivalent (the reduced form of nicotinamide adenine
dinucleotide phosphate - NADPH) essential to the recycling of
oxidized glutathione, and rate-limiting cofactors for anabolic
reactions, like fatty acid and cholesterol synthesis. The
availability of NADPH, and its non-phosphorylated precursor
NAD (critical for metabolic reactions in glycolysis and CAC/
OxPhos), is also constrained by NAD synthesis, which can be
pharmacologically targeted in AML (43). Both ATM and G6PD
are targetable to sensitize AML cells to chemotherapy (47).
Another alternate glucose metabolism pathway, the
hexosamine biosynthesis pathway (HBP), is also upregulated in
AML patient samples. Inhibition of glutamine fructose-6-
phosphate amidotransferase (GFAT), a rate-limiting enzyme of
HBP, induces differentiation and apoptosis of AML cells and
eliminates the tumor burden not only from the bone marrow but
also the peripheral blood in AML xenograft mouse models (48).
Although extensive studies have been done to understand
metabolism in AML and drug-resistant AML, it is still
unknown whether these metabolic changes are common across
all AML sub-types or whether the oncogene plays a role in
deciding the metabolic fate of the AML cells, both the blast
and LSCs.

Chronic Myeloid Leukemia (CML)
CML is more prevalent in the geriatric population. Due to a
single translocation in phenotypic HSCs, it forms BCR-ABL, a
constitutively active tyrosine kinase. Unlike normal HSCs, CML
cells are highly dependent on OxPhos regulated by sirtuin 1
(SIRT1)-mediated activation of peroxisome proliferator-
activated receptor g coactivator 1a (PGC1a) (49–51). SIRT1 is
a NAD-dependent histone deacetylase that deacetylates and
activates PGC1a, a regulator of mitochondrial biogenesis, both
of which are found upregulated in CML. Dual treatment with
SIRT1 and tyrosine kinase inhibitors (TKI) reduces CML cell
proliferation, mitochondrial gene suppression and subsequent
cell death in transgenic CML mouse model (51). Additionally, as
opposed to AML, in CML, an increase in OxPhos also increases
ROS production, causing DNA damage and genomic instability.
This leads to mutations in the BCR-ABL oncogene, eventually
causing oncogene-dependent resistance to TKI (Figure 2) (52–
54). With TKI treatment, CML stem and progenitor cells
accumulate lipids as well as nucleic acids with an increase in
FAO (55). Moreover, metabolic stress created by TKI activates
AMPK, suppressing which reduces disease progression (56).
AMPK regulates energy homeostasis and leads to glucose and
fatty acid uptake upon activation. And in the case of BCR-ABL-
independent TKI resistance, glycolytic genes are upregulated
along with increased glucose uptake, lactate production, and
reduced oxygen consumption (50, 57–59). Although, this
metabolic phenotype is partly similar to normal HSCs, the
difference between HSCs and resistant CML LSCs is the
dependency on the glycolytic pathway. Inhibition of PKM2
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and LDHA, important enzymes for aerobic glycolysis, reduces
disease progression and improves survival of CML mice, without
impacting the surrounding HSCs (4, 59, 60). On the other hand,
in advanced blast crisis CML, the stem cells have increased
branched-chain amino acid metabolism (61). Additionally,
these cells also upregulate CD36 fatty acid transporter and
utilize gonadal adipose tissue lipolysis to fuel fatty acid
metabolism as a source of energy as well as evade
chemotherapy (62). Hence, targeting mitochondrial metabolic
pathways in the CML stem and progenitor cells along with TKI
treatment increases cell death and improves survival (49, 58, 63).
METABOLISM IN LYMPHOID LEUKEMIA

Acute Lymphocytic Leukemia (ALL)
ALL is the most common childhood leukemia marked by
accumulation of immature B-cells (B-ALL) or T-cells (T-ALL).
Chromosomal abnormalities like BCR-ABL translocation in the
lymphoid progenitor lead to B-ALL, while T-ALL occurs due to
gain-of-function Notch1 mutation in the lymphoid progenitor
cells (64). B-ALL CD34+ cells from human BM have an
upregulation of genes regulating glycolysis like glucose
transporters Glut1, Glut4, and Ldh, with downregulation of
CAC and FAO-related genes like Idh3b, Sdhc, Fh, and Mdh
(65). They have increased glucose consumption and lactate
production compared to the non-transformed human CD34+
cells indicating utilization of aerobic glycolysis in the former (65,
66). Additionally, increased glucose consumption in B-ALL cells
and glutamine metabolism are linked to therapy resistance (67–
69). Inhibiting glycolysis and glucose uptake reduced nucleotide
and amino acid metabolism, decreased leukemogenesis and
proliferation, increased apoptosis of B-ALL cells and sensitized
these cells to glucocorticoid treatment (66, 68). Moreover,
glucose is utilized not only for glycolysis but also as a starting
point for PPP to reduce oxidative stress. B-cell genes Pax5 and
Ikzf1 usually repress G6pd, a rate-limiting enzyme of PPP, hence
reducing PPP activity (Figure 3). However, in B-ALL, the
enzyme PP2A (Protein Phosphatase 2) switches glucose
utilization from glycolysis to PPP while glycolysis is
predominant HSCs. Inhibiting PP2A as well as G6PD or
activating Pax5 and Ikzf leads to reduced PPP activity
sensitizing B-ALL cells to treatment (70). This target’s the
unique vulnerability of B-ALL cells without impacting the non-
transformed cells. Glucose utilization is important for the
survival of B-ALL cells, whereas NOTCH1 activation in T-ALL
leads to a metabolic switch from glycolysis to glutaminolysis (71,
72). The reduced glycolysis in T-ALL cells compared to normal
T-cells can be attributed to Notch1-mediated AMPK activation
(73). Moreover, inhibition of Notch1 signaling also leads to
accumulation of glutamine and increased activity of complex 1
in the mitochondrial electron transport chain, conferring
resistance to treatment (Figure 3) (72). Inhibition of glutamine
synthesis as well as loss of AMPK signaling along with Notch1
inhibition sensitizes T-ALL cells towards apoptosis (72, 73). In
addition to glucose and glutamine metabolism, targeting one
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carbon metabolism through the inhibition of serine
hydroxymethyltransferase (SHMT) interferes with the supply
of NADPH and one-carbon pools for proliferation has shown
promise as a therapeutic strategy in treating T-ALL. In line with
these findings, the amount of dietary folate has been shown to
modulate metabolism in hematopoietic cells (74, 75). This
signifies that depending on the type of ALL cells rely on
different metabolic pathways.

Chronic Lymphocytic Leukemia (CLL)
CLL like CML is found mainly in older adults marked by
mutated mature CD5+ B-cells or memory B-cells in BM,
blood, and even lymph nodes (76). Resting B-cells and
memory B-cells are more glycolytic than activated B-cells (77).
However, in CLL, the mutated B-cells rely on OxPhos over
glycolysis and have reduced glucose uptake unlike normal
HSCs (78, 79). CLL lymphocytes have an increase in ROS plus
mitochondrial respiration and also have an active antioxidant
activity via glutathione metabolism, protecting CLL cells from
chemotherapy (Figure 3) (80, 81). In line with this, CLL
lymphocytes also have overexpressed glutamine dehydrogenase,
which plays a role in glutathione synthesis, and abolishing the
glutathione-mediated protection mechanism leads to apoptosis
of CLL cells (81, 82). Moreover, poor prognosis in CLL is marked
by an accumulation of lipids, particularly ceramide and
lipoprotein lipases, indicating active lipid metabolism, making
them susceptible to FAO inhibitors, even in cases of treatment
resistance (83–87).

Overall, one can affirm that metabolism is plastic, and
different leukemia types have various metabolic vulnerabilities.
Moreover, metabolism also changes with drug treatment.
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Understanding the mechanisms of metabolic change in
leukemia, and following drug treatment, is important to
identify target pathways without impacting the normal cells.
LIMITATIONS AND ADVANCEMENTS

Cell Number
Cell number limitation is one of the major impediments to
understanding metabolic differences in the cells of interest, such
as LSC. Due to the need for millions of cells for metabolic assays,
the studies are usually conducted with a broader pool of cells or
cell lines instead of the specific cells of interest in a complex
model. Furthermore, metabolic differences due to phenotypic
cellular heterogeneity, even within genetically homogeneous cell
populations should be considered. All of this makes it
challenging to have conclusive results for the cell of interest.
This highlights the need to improve metabolic techniques to
study smaller numbers of cells. One such advancement has been
in metabolic profiles using ultra-high pressure liquid
chromatography-mass spectrometry (UHPLC-MS). A high-
throughput UHPLC-MS method developed recently can profile
metabolites from as few as 10,000 cells (59, 88–90). The
technique involves the use of a larger pool of cells from the
same tissue and of heavy labeled standard spike-in to call peaks
while analyzing the few cell samples (59, 88). Additional methods
are being developed to afford the quantitation of small molecule
metabolites from hundreds of cells at the expense of the breadth
of the coverage of multiple metabolic pathways (18, 91). More
targeted, single-cell metabolomics approaches have also been
proposed, which leverage CyTOF (cytometry of time of flight)-
FIGURE 3 | Metabolic difference between ALL and CLL LSCs. B-ALL LSCs are reliant on Pentose phosphate pathway (PPP) and glycolysis where as T-ALL LSCs
rely more on glutamine metabolism. CLL on the other had sees an increase in ROS and is reliant on OXPHOS. Increase in glutathione metabolism is also reported as
an antioxidant to the high amount of ROS.
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or capillary electrophoresis (CE)-based MS techniques for
rapidly detecting a subset of metabolites (92). This technique
allows to determine metabolite abundance in a specific
population pool where cell number is a limitation, for instance,
HSCs and LSCs (9, 31, 89, 93). Global metabolic profiling at
steady state provides a snapshot view of the abundance of
metabolites in cells. However, it fails to determine whether
metabolites accumulate because of increased production or
reduced usage. Thus, to infer the activity of a specific
metabolic pathway, UHPLC-MS needs to be accompanied by
other metabolic assays.

In Vivo Metabolic Flux
To understand the metabolic pathway activity over time and in
different conditions, metabolic flux analysis provides more
detailed information about substrate preference and
consumption rate for catabolic or anabolic purposes. Metabolic
tracing with stable isotope-labeled substrates has been widely
utilized but more in cell lines which are usually not
representative of the complexity of the cells within their
environment. In vivo metabolic flux analysis (especially with
radiolabeled or fluorescent tracers), on the other hand, proves
efficient in such cases (94, 95). The most widely used methods to
administer heavy carbon labeled tracers in a mouse are by gastric
gavage or bolus injection via a tail vein or continuous infusion via
cannulation (96). These administration methods can achieve a
high plasma concentration of the tracer; however, they also cause
stress to the animal due to anesthesia or animal handling,
defeating the purpose of studying metabolism at steady state
(97). To overcome this limitation and enable long-term tracer
administration, tracers can also be delivered through water (97).
Although this technique reduces stress in mice, facilitating studies
at steady state, it fails to consider the variability in the diet among
individual mice and hence the variability of the amount of tracer
administered. Additionally, the possible metabolism of tracer as it
circulates through the hepatic portal system and before it reaches
the organ of interest must be taken into consideration. Even
though metabolic flux assays provide more information than
global metabolic profiles, the limitation to these methods is the
time window available to harvest the tissue and cells of interest
without losing the cellular tracing. For this reason, researchers
flash-freeze the whole organ soon after harvesting. But this limits
the study of the metabolic flux to an organ as a whole instead of
individual cell types within the organ. The field needs a better
technique to understand metabolic fluxes at the cellular level, and
this is one of the reasons why in vivo metabolic tracing of bone
marrow has not been carried out until very recently (98).

Metabolic Heterogeneity
Metabolic heterogeneity between tissues has been widely studied;
however, it is yet uncovered between cells within the same tissue
and between tumors (96). One major impediment in analyzing
metabolites at a single cell level is the sensitivity of metabolite
detection. Metabolite reporter using an alkyne tagged ‘Click’
chemistry is a potential solution to overcome this limitation (99).
Using different alkyl groups can aid in multiplexing different
samples and facilitate the use of multiple tracers in the same
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experiment, thus saving cost and time (99). Moreover, the
enhanced signal of alkyne detection by MS helps determine
metabolites at a single-cell level (99). However, it becomes
difficult to identify one cell especially with overlapping peaks
(99). In the current era of single-cell analysis, a computational
model for studying metabolic phenotypes in the tumor
microenvironment at a single cell level has also been developed
(100), along with methods for imaging single-cell behavior in
various microenvironments (101). They combine global
metabolic gene expression with dimensional reductionists
model and clustering algorithm to determine the metabolic
gene expression profile of individual cells in head and neck
tumors and melanoma (100). Although this technique considers
heterogeneity and depicts metabolic profiles of different cell
types, gene expression cannot always be correlated to
metabolic activity. Further metabolic enzyme-based assays
should be carried out to validate the computational analysis.

Some of the widely used techniques to determine
heterogeneity based on mitochondrial mass and activity
involve electron microscopy and confocal imaging using
fluorescent markers like mitotrackers for mitochondrial
abundance in each cell, TMRE for determination of
mitochondrial membrane potential, or even fluorescent
labeling of metabolic enzymes. However, these ex vivo
fluorescence markers do not yield reproducible information.
The results vary with changes in concentration, temperature,
oxygen concentration, and cell count, pointing towards the
importance of detailed experimental descriptions in
publications. One recent imaging technique developed to
measure mitophagy in vivo is based on a transgenic mouse
model expressing the pH-sensitive fluorescent protein mt-
Kiema localized to the mitochondria (102). Upon mitophagy,
the pH of the mitochondria drops, changing the color of the mt-
Kiema protein (102). Crossing these mice to transgenic leukemic
mice would help expand our understanding of mitophagy in
normal HSCs versus LSCs with or without drug treatment. This
model can also be used for time-lapse studies as well as live-cell
imaging. Another technique to study metabolic heterogeneity,
called fluorescence-activated mitochondria sorting (FAMS), is
based on flow cytometry. Using this technique, mitochondria
from different types of tissues can be isolated based on their
membrane potential, mitochondrial protein markers and (103).

Currently, no technique alone can be used to understand the
metabolic complexity of a heterogeneous cell population.
Therefore, it is important to use different metabolic assays to
address the same question before making a conclusive statement.

Drug Targeting
Understanding metabolic differences in tumor versus normal
cells has recently seen significant advancements. Many drugs
have been repurposed as metabolic inhibitors or activators, like
tigecycline (a known antibiotic) which can inhibit mitochondrial
protein translation leading to inhibition of OxPhos (49, 104).
Another drug repurposed is metformin (clinically used as an
anti-diabetic) which is being used as an AMPK activator,
currently in phase II clinical trials for CLL (ClinicalTrials.gov:
NCT01750567) (105, 106).
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However, most of these drugs are non-specific or have
multiple targets; for instance, a widely used AMPK inhibitor,
dorsomorphin, can also inhibit VEGF and BMP-SMAD
signaling (107), while shikonin, a drug used for PKM2
inhibition, can also inhibit STAT3, Fak, Src, cMyc and PI3K-
AKT signaling pathways and cause cellular apoptosis via
activation of c-JUN-N-terminal kinase (JNK) (108–111).
Another example would be mubritinib, a known inhibitor of
ERRB2, that can localize to the mitochondria and inhibit
complex I of the electron complex chain (112). New metabolic
inhibitors are being developed, for instance, IACS-010750, an
inhibitor of elector complex chain complex 1, a drug currently
under phase I clinical trials for AML (ClinicalTrials.gov:
NCT02882321) (113). To keep up with the metabolic
discoveries, inhibitors with more specificity need to be
developed to reduce side effects and off-target impacts and
provide better therapeutic options.
CONCLUSION

Metabolism can still be considered a developing field of cellular
biology. No single technique can or should be used to address
questions regarding stem cell metabolism. With the advent of
single-cell technologies for transcriptomic and epigenetics,
science has moved from bulk cellular analysis to understanding
Frontiers in Oncology | www.frontiersin.org 772
cellular heterogeneity within the same population, which needs
to be adapted even in metabolism. Moreover, the changes in
metabolism are not unique to stem cells, highlighting the need
for studies to be carried out with appropriate controls to enhance
LSC specificity and reduce side effects of metabolic inhibitors on
HSCs. These metabolic differences would represent a condition
of LSC-specific vulnerability that could potentially be targeted.
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Acute myeloid leukemia (AML) is a hematologic malignancy. The overall prognosis is poor
and therapeutic strategies still need to be improved. Studies have found that abnormalities
in metabolisms promote the survival of AML cells. In recent years, an increasing number of
studies have reported the effectiveness of a protein synthesis inhibitor, homoharringtonine
(HHT), for the treatment of AML. In this study, we demonstrated that HHT effectively
inhibited AML cells, especially MV4-11, a cell line representing human AML carrying the
poor prognostic marker FLT3-ITD. We analyzed the transcriptome of MV4-11 cells treated
with HHT, and identified the affected metabolic pathways including the choline
metabolism process. In addition, we generated a line of MV4-11 cells that were
resistant to HHT. The transcriptome analysis showed that the resistant mechanism was
closely related to the ether lipid metabolism pathway. The key genes involved in these
processes were AL162417.1, PLA2G2D, and LPCAT2 by multiple intergroup comparison
and Venn analysis. In conclusion, we found that the treatment of HHT significantly
changed metabolic signatures of AML cells, which may contribute to the precise clinical
use of HHT and the development of novel strategies to treat HHT-resistant AML.

Keywords: homoharringtonine, AML, ether lipid metabolism, RNA-seq, choline metabolism
INTRODUCTION

Acute myeloid leukemia (AML) is a heterogeneous hematologic malignancy featured by a
proliferation of myeloblasts that are unable to undergo normal differentiation (1). It is the most
prevalent form of leukemia in adults and the second major type of acute leukemia in children (2, 3).
The disease progresses rapidly, with a survival of only a few weeks to a few months if untreated.
In the United States, the 5-year overall survival rate for adults with relapsed/refractory AML
(excluding APL) is approximately 10% (4).

Homoharringtonine (HHT) is a plant alkaloid that inhibits protein synthesis and has anti-tumor
properties. In October 2012, HHT was approval by the U.S. Food and Drug Administration (FDA)
for the treatment of chronic or accelerated CML after failure treatment of 2 or more tyrosine kinase
inhibitors (5, 6). HHT has been used in China for more than 40 years to treat AML (7). A multicenter
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https://www.frontiersin.org/articles/10.3389/fonc.2022.931527/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.931527/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.931527/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:cheny653@mail.sysu.edu.cn
mailto:chenchun@mail.sysu.edu.cn
mailto:panyih@mail.sysu.edu.cn
https://doi.org/10.3389/fonc.2022.931527
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.931527
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.931527&domain=pdf&date_stamp=2022-06-14


Zhang et al. The Metabolism of HHT-Treated AML Cells
phase 3 trial found that the HAA (homoharringtonine-
cytarabine-aclarubicin) regimen could be used as an alternative
induction therapy for untreated AML, particularly in those
patients with favorable and intermediate cytogenetics (8).
Previous studies have found multiple mechanisms of HHT in
treating AML, including targeting FLT3 pathway, antioxidant
defense, SP1/TET1/5hmC pathway, TRAIL and p53 pathway,
NF-kB pathway and the expression of myosin-9 and eIF4E (9–
15). The mechanisms of resistance to HHT in AML include the
reactivation of PI3K/AKT signaling pathway and the
overexpression of MDR1, MRP1, P170-glycoprotein, MCL-1,
and MAP4K1 (16–20). In addition, an increasing number of
studies have reported synergistic effects of HHT combined with
FLT3 inhibitors for the treatment of AML with FLT3-ITD (9, 21,
22). Recent research has shown that the treatment of FLT3
inhibitor gilteritinib leads to reprogramming of glycolipid
metabolism in the tumor microenvironment, resulting in early
and late drug resistance (23). Also, HHT in combination with
glutaminase inhibitor CB-839 exacerbates AML mitochondrial
reactive oxygen species and apoptosis (24). Venetoclax is a potent
and selective oral inhibitor of BCL-2, a key regulator of
mitochondrial energy metabolism that plays an important role
in the survival of AML stem cells (25, 26). A study has shown a
strong synergistic effect of venetoclax and HHT in diffuse large B-
cell lymphoma in vitro and in vivo (27). Although a major
progress has been made, the detailed mechanisms of
effectiveness and resistance in HHT-based therapy in AML still
need to be explored. And, the mechanisms of HHT metabolism-
related studies in AML have not been reported.

Deregulating cellular metabolism is a hallmark of cancer (28).
In AML, knockdown of ANRIL leads to decreased glucose uptake
and inhibits survival of leukemia cells (29). Inhibition of
glycolysis attenuates the proliferation of AML cells and
enhances the cytotoxicity of Ara-C (30). Also, acetyl-CoA
carboxylase 1(ACC1) was found to be the rate-limiting enzyme
for fatty acid synthesis, and upregulation of ACC1 protein
expression has the potential to be an effective strategy for the
treatment of AML (31). Therefore, metabolic abnormalities in
AML are highly involved in disease progression and resistance to
the treatment, which need to be further investigated. In this
study, we explored the change in transcriptome of HHT-treated
AML cells and identified key metabolism pathways that may
affect sensitivity and resistance of AML cells to HHT.
MATERIALS AND METHODS

Cell Culture
Human AML cell lines MOLM-13 and MV4-11 were obtained
fromDSMZ (Braunschweig, Germany) and ATCC (VA, USA). The
cells were maintained in RPMI 1640 (Hyclone, Thermo Fisher
Scientific, USA) supplemented with 10% fetal bovine serum (FBS)
(Gemini, USA), 100 U/ml penicillin, and 100µg/ml streptomycin
(Hyclone, Thermo Fisher Scientific, USA) at 37°C in a humidified
atmosphere containing 5% CO2.
Frontiers in Oncology | www.frontiersin.org 277
Cell Viability Assay and Flow Cytometry
For the cell viability assay, 6 × 104 cells were plated in each well in
a 96-well plate with complete RPMI 1640 supplemented with
10% FBS. The plate was incubated for 24 hours before detection.
Cell viability was measured by the cell counting kit-8 (CCK-8,
Solaribio, Beijing, China). For the apoptotic assay, cells were
seeded in 24-well plates at 0.75× 106 cells/well and incubated for
18 hours and subjected to flow cytometry. The Annexin V-FITC
Apoptosis Detection Kit was obtained from DOJINDO (Japan)
(AD10-50). Flow cytometric analysis was performed by a
Cytoflex flow cytometer (Beckman, USA).

Transcriptome Analysis
We obtained the resistant MV4-11 strain (R) by gradually
increasing the concentration of HHT and kept the cells in culture
with 10 nM for about 10 months. After obtaining the resistant
strain, we cultured the resistant strain off-drug for about 3 months
to obtain the detoxified strain (O). Together with the parental MV4-
11 cells (N), R and O cells were cultured with or without 10 nM
HHT for 6 hours. The samples were designated N0 and N6 for
parent cells without or with HHT, O0 and O6 for off-drug cells
without or with HHT, and R0 and R6 for resistant R cells with or
without HHT, respectively. Cells were collected in lyophilization
tubes and frozen in liquid nitrogen for 10 minutes. The isolation of
RNA and next-generation of sequencing were performed by
Genedenovo Biotechnology Co., Ltd (Guangzhou, China). Raw
data and normalized gene expression data are deposited in the
sequence read archive database under accession numbers
PRJNA832421. Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways were performed by
Omicshare tools (https://www.omicshare.com/tools/). Gene Set
Enrichment Analysis (GESA) was performed by using software
GSEA and MSigDB (32).

Statistics
Data visualizing and statistical analysis were performed using
GraphPad Prism 8.0 (GraphPad Software Inc., CA, USA).
Differences between experimental groups were analyzed using
unpaired Student t test. p value < 0.05 was considered significant.
RESULTS

HHT Significantly Induced Apoptosis of
MV4-11 and MOLM13
In the cell viability assay, we found that MV4-11 and MOLM13
were sensitive to the treatment of HHT, with IC50 of 7.92 nM and
12.98 nM, respectively (Figure 1A). Flow cytometry showed that
HHT induced significant apoptosis in MV4-11 and MOLM13
(Figure 1B). To explore the resistant mechanism in HHT-treated
AML cells, we established MV4-11 that resisted to HHT by
gradually increasing the concentration of HHT in the medium.
The cell viability assay showed that MV4-11 resistant strain and
off-drug strain were less sensitive to the treatment of HHT,
compared with the original MV4-11 (Figure 1C).
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Choline Metabolism Was Associated With
HHT Treatment in AML
We performed transcriptome analysis in 3 strains of MV4-11
cells treated by HHT or out of HHT, including the original strain
Frontiers in Oncology | www.frontiersin.org 378
(N0 and N6), the HHT-resistant strain (R0 and R6), and the off-
drug strain (O0 and O6). The genetic heat map analysis and
principal component analysis revealed a large inter-group
variability and a small intra-group variability (Figures 2A, B),
A B

C

FIGURE 1 | AML cell lines were sensitive to HHT and the establishment of HHT-resistant cells. MV4-11, MOLM13 cells were treated with different concentrations of
HHT for 24 hours, and cell viability was detected by CCK-8 (A). AML cells were treated without or with 15.6 nM HHT for 18 hours, and analyzed by flow cytometry (B).
Cells were treated with different concentrations of HHT for 24 hours. The cell viability of MV4-11, MV4-11 resistant strain (R-MV4-11), and off-drug strain (O-MV4-11)
was detected by CCK-8 (C).
A B

C

FIGURE 2 | Transcriptome analysis showed an ideal cell line modeling. Correlation heat map (A) and Principal Component Analysis (PCA) (B) were used to assess
intra- and inter-group differences in the samples. Bar charts showed the number of significantly different genes between groups (FDR < 0.05, multiple of difference
greater than or equal to 2) (C).
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which was in accordance with the number of up- and down-
regulated genes in each group (Figure 2C). These data indicate
an ideal cell line modeling in our transcriptome analysis.

In groups of N0 vs N6, O0 vs O6, and R0 vs R6, genes in
metabolism processes were found to be significantly enriched byGO
enrichmentanalysis (Figures3A–C).Toclarify the specificmetabolic
pathways, we performed KEGG enrichment analysis and found that
genes in the cholinemetabolism pathwaywere significantly enriched
after short-terminterventionwithHHToroutofHHT(N0vsN6,p=
0.01; O0 vs O6, p = 0.02; R0 vs R6, p = 0.001) (Figures 3D–F). In
contrast, this metabolic pathway was not significantly enriched in
groups of long-term intervention of HHT (Figures 4C, D).
Therefore, we speculated that the choline metabolism pathway is
involved in the anti-leukemia effect of HHT in AML.

Ether Lipid Metabolism Was Associated
With the Resistance to HHT in AML
In groups of N0 vs R0 and N0 vs O0, GO enrichment analysis
revealed that genes in metabolism-related biological processes
were significantly enriched (Figures 4A, B). To clarify specific
metabolic pathways, we performed KEGG enrichment analysis
and found that the genes in ether lipid metabolism pathway were
significantly enriched after long-term HHT intervention (N0 vs
R0, p= 0.048) (Figure 4C). In the off-drug group, genes in this
pathway were also significantly enriched (N0 vs O0, p = 0.02)
(Figure 4D). In contrast, this metabolic pathway was not
significantly enriched in HHT short-term intervention groups
(N0 vs N6, p = 0.30; O0 vs O6, p = 0.51; R0 vs R6, p = 0.25).
Therefore, we conclude that the ether lipid metabolism pathway
is involved in promoting the development of resistance to HHT
Frontiers in Oncology | www.frontiersin.org 479
in AML cells. Interestingly, in the N0 vs O0 group, “arginine and
proline metabolism” (p = 0.037), “alanine, aspartate and
glutamate metabolism” (p = 0.044), and “glycerophospholipid
metabolism” (p = 0.045) were also significantly enriched, and
these pathways may contribute to the re-sensitization of O0
strain to HHT.

AL162417.1, PLA2G2D, and LPCAT2 Were
Key Genes in the Metabolic Signature of
HHT-Treated AML Cells
By using KEGG enrichment analysis, we identified the core set of
genes associated with the treatment of HHT in AML cells. Drug
efficacy gene of HHT was AL162417.1 (Figures 5A, C). The key
genes of resistance to HHT were PLA2G2D, LPCAT2, UGT8,
CHPT1, and GDPD1 (Figure 5B).

Since the fluctuation of drug resistance genes should not be
significant changed after short-term administration or withdrawal
of HHT, CHPT1,UGT8, andGDPD1were excluded (Figure S1A).
The key drug resistance-related genes were identified as PLA2G2D
and LPCAT2 (Figure 5D). In addition, we found that PLA2G2D
and LPCAT2 were significantly enriched in the group of N0 vs O0
by GSEA (Figure S1B), which further validated PLA2G2D and
LPCAT2 as key HHT-resistance genes in AML cells.
DISCUSSION

Tumorigenes i s and progress ion require metabol ic
reprogramming of cancer cells (33, 34), and understanding this
process is important for tumor diagnosis, treatment, and
A B

D E F

C

FIGURE 3 | The drug efficacy mechanism of HHT was related to choline metabolism. Biological processes significantly affected in different cell lines with 10 nM HHT
treatment for 6 hours (A, B) or HHT withdraw for 6 hours in the resistant line were found by GO enrichment analysis (C). HHT was found to significantly affect
metabolism-related signaling pathways by KEGG enrichment analysis (D–F).
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prognosis. Abnormalities in choline metabolism have been
reported in a variety of tumors. Several studies have reported
that C-choline PET/CT can detect biochemical recurrent prostate
cancer recurrence and survival (35, 36). In Glioblastomas cell lines
U87MG and GBM5, choline increases tumor cell proliferation
and anti-apoptosis by activating a7- and a9-containing nicotinic
receptors and promoting AKT and ERK phosphorylation (37).
The increased choline uptake was reported in endometrial cancer
cell lines compared to normal endometrial stromal cells (38).
CHPT1 drives cytidine diphosphate-choline (CDP-Cho) to
generate phosphatidylcholine (PtdCho). Knockdown of CHPT1
inhibits the growth and proliferation of breast cancer cells, and in
vivo experiments have shown that knockdown of CHPT1 inhibits
the early metastasis of breast cancer cells (39). Genomic pooling
analysis of colorectal cancer gut microbes shows that the choline
trimethylamine-lyase gene is overexpressed in colorectal cancer
(40). It is reported that in some types of tumors, the upregulation
of choline metabolic pathway may lead to proliferation and anti-
apoptosis of tumor cells. Wang, Musharraf et al. found significant
alterations in choline metabolism in AML patients (41, 42).
Besides, increased phosphorylcholine (PCho) was found to be a
common feature of all observed AML cell lines (43). However, the
specific pathological significance of abnormal choline metabolism
in AML has not been revealed. In this study, we found that the
drug efficacy mechanism of HHT is closely related to the choline
Frontiers in Oncology | www.frontiersin.org 580
metabolism, and further identified key genes in the pathway. Note
that AL162417.1 is a novel protein-coding gene that is a homolog
of RALGDS, which activates CHK (44), and promotes the
production of PCho. Therefore, AL162417.1 could serve as a
potential target of HHT in treating AML cells. The current
findings on this gene are limited, which deserves further in-
depth studies.

Ether lipids play a role in membrane fusion, participate in
cellular differentiation and signaling, and act as endogenous
antioxidants (45). Ether lipid levels have been shown to elevate
in tumors. The enzyme alkylglycer-onephosphate synthase
(AGPS) is upregulated in several types of aggressive human
cancer cells and primary tumors, and knockdown of AGPS in
cancer cells decreases survival of tumor cells, cancer invasiveness,
and tumor growth [24]. In this study, we found that HHT
resistance mechanism is closely related to the ether lipid
metabolism pathway, and further identified key genes as
PLA2G2D and LPCAT2. PLA2G2D encodes a secreted member
of the phospho l ipase A2 fami ly , which produces
lysophospholipids and free fatty acid and involves in ether
lipid metabolism. Studies show that oxidative stress may
induce the expression of PLA2G2D in mouse and human
monocyte-derived macrophages through lipid peroxidation.
The high expression of PLA2G2D increases viral infection, and
mice lacking PLAG2D are protected from COVID-19
A B

DC

FIGURE 4 | Ether lipid metabolism was associated with the mechanism of HHT resistance. By GO enrichment analysis, several biological processes were found to
be significantly affected in long-term HHT-treated cell lines (A, B). Significant effects of HHT on metabolism-related signaling pathways were found by KEGG
enrichment analysis (C, D).
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invasion (46, 47). Besides, it has been reported that upregulation
of PLA2G2D could be a potential biomarker for cancer
immunotherapy (48). LPCAT2 is involved in ether lipid
metabolism and is a member of the family of enzymes
encoding lysophospholipid acyltransferases. The expression
level of LPCAT2 is positively correlated with aggressive
prostate cancer (49). Importantly, LPCAT2 mediated lipid
droplet production has been shown to promote resistance to
chemotherapy in colorectal cancer (50). Therefore, LPCAT2 is
more promising candidate genes for HHT resistance.
Furthermore, by ether lipids metabolism KEGG signaling
pathway diagram (Figure S2), we found that PLA2G2D and
LPCAT2 are involved in the conversion between lysoPAF
and plasmanylcholine, but overall promote lysoPAF to
plasmanylcholine production.

In summary, our study found that the mechanism of HHT
efficacy in AML is related to choline metabolism, and the key
candidate gene was AL162417.1. The resistance mechanism is
related to ether lipid metabolism, and the core resistance
candidate genes are PLA2G2D and LPCAT2. This study
provides a new perspective for the rational clinical use of HHT
and the development of new HHT-resistant treatment strategies.
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Compared to normal tissues and cells, the metabolic patterns of tumor illnesses are more
complex, and there are hallmarks of metabolic reprogramming in energy metabolism, lipid
metabolism, and amino acid metabolism. When tumor cells are in a state of fast growth,
they are susceptible to food shortage, resulting in growth suppression. Using this
metabolic sensitivity of tumor cells to construct amino acid consumption therapy does
not harm the function of normal cells, which is the focus of metabolic therapy research at
the moment. As a non-essential amino acid, arginine is involved in numerous crucial
biological processes, including the signaling system, cell proliferation, and material
metabolism. Rapidly dividing tumor cells are more likely to be deficient in arginine;
hence, utilizing arginase to consume arginine can suppress tumor growth. Due to the
absence of arginine succinate synthase, arginine succinate lyase, and ornithine carbamoyl
transferase in some blood tumors, arginases may be employed to treat blood tumors. By
investigating the mechanism of arginase treatment and the mechanism of drug resistance
in greater depth, arginase treatment becomes more successful in hematological cancers
and a new anti-cancer agent in clinical practice.

Keywords: arginase, hematologic malignancy, mechanisms, clinical application, therapy
INTRODUCTION

As a heterogeneous disease, the metabolic patterns of tumors differ significantly from normal tissues
(1). Metabolic reprogramming of tumor cells refers to the metabolic changes caused by gene
mutations and structural changes in tumor cells, such as enhanced glycolysis exemplified by the
‘Warburg effect,’ increased glucose uptake and consumption, increased amino acid uptake and
catabolism such as glutamine, and increased lipid and protein synthesis. These metabolic alterations
will contribute to the malignant proliferation of tumor cells and the adaptation to an unfavorable
living environment (2–6). The distinction between tumor cell and normal cell metabolic pathways
encourages the development of antitumor therapies based on metabolic pathways (7). Metabolic
reprogramming allows tumor cells to thrive in the microenvironment of nutritional deficiency and
hypoxia, but there are also metabolic vulnerabilities. Compared to normal cells, tumor cells are
dependent on exogenous nutrients, especially amino acids (8, 9). The metabolic reliance of tumor
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cells on exogenous amino acids has become the theoretical
foundation for the creation of amino acid deprivation
therapy (9).

Arginine is a multifunctional amino acid, involved in many
important biological functions in the body, including cell
proliferation, signal transduction, muscle growth, nerve
transmission, etc., involved in protein synthesis, nucleotide
synthesis, urea cycle and other important metabolic pathways,
and as a prerequisite for the synthesis of many molecular
substances such as citrulline, nitric oxide, glutamic acid,
proline biosynthesis (10, 11). Arginine is also classified as a
semi-essential amino acid in human body. Under normal
physiological conditions, there are endogenous and exogenous
sources of arginine, that is, the production of arginine from the
starting through ornithine cycle and the uptake of extracellular
arginine by cells through membrane protein transporters (12).
The key enzymes for arginine synthesis and metabolism mainly
include arginine succinate synthase (ASS), arginine succinate
lyase (ASL) and ornithine carbamoyl transferase (OCT)
(Figure 1). The low expression of these key enzymes makes it
impossible for many malignant tumors to synthesize arginine
endogenously and become arginine deficient tumor cells,
including many hematological malignancies (13). Arginine
Frontiers in Oncology | www.frontiersin.org 285
auxotrophic tumors can be treated by arginine-depleting
enzymes without interfering with normal cell physiology, thus
becoming a potential antitumor strategy (14).

As an enzyme that depletes arginine, arginase has become a
crucial component of arginine depletion treatment. It has been
shown to have an anti-tumor impact on hematological
malignancies, mostly by triggering autophagy, apoptosis,
oxidative stress, and even interfering with the progression of the
cell cycle to induce tumor cell death. As a result, this introduction
focuses on the current state of arginase application in
hematological cancers, associated research mechanisms, and its
potential as a treatment for hematological tumors.
ARGININE NUTRITIONAL DEFICIENCIES
AND DEPRIVATION THERAPY

The fundamental aspect of tumor cells is metabolic
reprogramming, which is to adapt to their rapid multiplication
by modifying their metabolic processes, as well as the survival
milieu of hypoxia and nutritional shortage (15). During the
process of metabolic reprogramming, it is also susceptible to
dietary deficiencies, particularly for the growth of essential
FIGURE 1 | Arginine metabolism within the urea cycle: Arginase catalyzes the hydrolysis of arginine into ornithine and OCT catalyzes the synthesis of citrulline from
ornithine. Aspartate and citrulline are condensed by the enzymatic activity of ASS and the resulting intermediate arginosuccinate is then split by ASL, producing again
arginine. Tumor cells lacking the enzyme ASS rely on exogenous supply of arginine. The endogenous sources of arginine can be used as a potential therapeutic
intervention targets in treating cancer. Arg, Arginine; ADI, arginine deiminase; ASS, argininosuccinate synthetase; ASL, argininosuccinate lyase; OCT, ornithine
carbamoyltransferase.
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nutrients like amino acids (16). Currently, amino acid
deprivation therapy for amino acid nutritional deficit has
become a promising anti-tumor therapy and has yielded
positive outcomes in numerous tumor treatments. The concept
of amino acid deprivation was developed in the therapy of
tumors, and L-asparaginase was launched more than 50 years
ago for the treatment of juvenile leukemia. L-asparaginase is
currently one of the most important medications for the
combination chemotherapy of juvenile acute lymphoblastic
leukemia, which enhances the remission rate of this disease
(17, 18). As a result of the efficacy of asparaginase in
the therapy of leukemia, there are numerous metabolic
enzymes that investigate amino acid nutritional deficits,
including enzymes that target arginine metabolism, glutamine,
and cysteine.

As a semi-essential amino acid, arginine participates in
numerous cellular biological processes, transforms into other
amino acids (such as glutamine, proline, etc.), and creates
proteins, urea, and agmatine (19).On a biological level, the
primary sources of arginine in plasma are dietary digestion
and absorption and other protein modification, whereas
intestinal-kidney axis arginine synthesis contributes for just 5-
15 percent. In the de novo synthesis of arginine, ornithine and
carbamoyl phosphate are catalyzed by OCT to produce citrulline,
which is subsequently catalyzed by ASS1 and ASL to produce L-
arginine. The rate-limiting enzymes of endogenous arginine
synthesis are ASS1 and ASL, which are typically expressed in
normal cells and unaffected by arginine consumption (19, 20).

Due to the low or non-expression of essential enzymes in
arginine endogenous synthesis, especially ASS1, ASL, and OCT,
in numerous cancers, tumor cells cannot ordinarily generate
endogenous arginine and are highly dependent on exogenous
arginine; these tumors are referred to as arginine-auxotrophic.
Studies reveal that more than 70 percent of cancers, including
melanoma, hepatocellular carcinoma, renal cell carcinoma,
glioblastoma, and prostate cancer, as well as a variety of
hematological tumors, have arginine shortage (21–23). Cai Y
et al. investigated the expression level of the ASS1 gene in various
malignancies using the UALCAN database and determined that
the expression level of ASS1 in acute myeloid leukemia (AML)
was the lowest of all cancers, thereby making AML a typical
arginine auxotrophic tumor (24). In addition to Hodgkin’s
lymphoma and non-Hodgkin’s lymphoma, low expression of
ASS1 was observed in additional solid hematological
malignancies (22).

Current studies on the genetic mechanism of low expression
of ASS1 gene have confirmed that methylation of CPG regions
within the ASS1 gene promoter may be a common epigenetic
mechanism of ASS1 gene silencing expression (23), or may
include other mechanisms such as inhibition of ASS1
promoter by hypoxia inducible factor HIF-1a. Through the
study of glioblastoma cases, Syed N et al. found that the CpG
island of ASS1 with methylation was up-regulated in the
sensitivity to arginine deprivation therapy, further verifying
that the expression of ASS1 was affected by the methylation of
gene promoter (25). In the study of melanoma cells by Tsai WB
Frontiers in Oncology | www.frontiersin.org 386
et al., it was found that the regulation of ASS1 expression was
caused by the interaction between the negative regulator HIF-1a
and the positive transcription regulator c-Myc and Sp4. HIF-1a
combined with the E-box site at the promoter of ASS1 gene could
induce the silence of ASS1 expression and cause arginine
consumption sensitivity (26). These related studies further
induced epigenetic mechanisms by exploring the expression of
ASS1 and ASL genes, thus providing ideas for the development
of new treatments.

Arginine depletion therapy for arginine-auxotrophic tumors
by arginine depletion enzyme (ADE) paves the way for a new
anti-tumor treatment. In scientific research of arginine
metabolism, the primary degrading enzymes are arginine
decarboxylase (ADC), arginine deiminase (ADI), and
arginase. ADI is mostly generated from prokaryotes, and
ornithine cannot be synthesized via the ADI route as a source
of energy for their growth. Mycoplasma-derived ADI is the first
antitumor medication to be documented. Even though it has
some therapeutic effects, it is easily detected and inactivated by
the immune system because of its immunogenicity. So ADI
must be bioengineered into PEG-ADI in clinical settings to
minimize its immunogenicity (27). ADC, an additional
arginine-depriving enzyme, is mostly expressed in mammals.
Due to its cytotoxicity to healthy normal cells, it is not
employed as a cancer treatment at this time. In contrast to
these two enzymes, the arginases currently under investigation
are derived from humans and lack immunogenicity and high
toxicity. Currently, it has been demonstrated that they have
potential therapeutic benefits on a variety of solid and
hematological malignancies (11, 28).
ARGINASE AND ITS APPLICATION IN
HEMATOLOGICAL MALIGNANCY

Arginase is a manganese-dependent metal ion hydrolase that
catalyzes arginine metabolism to generate non-toxic products
ornithine and urea. Human tissues express two distinct kinds of
arginase, arginase I and arginase II, which are encoded by two
distinct genes on separate human chromosomes (29). Human
arginase I is mostly found in the cytoplasm of liver cells and is
primarily responsible for the consumption of excess ammonia in
human tissues via the urea cycle, whereas human arginase II is a
mitochondrial enzyme with high expression e.g.in kidney tissue.
Arginase II is primarily involved in the creation of nitric oxide
and polyamines, as opposed to the arginine urea cycle (30, 31).

In the initial investigation, the arginase was purified from
animal liver; however, due to the high dose need of purified
arginase treatment, further research and application are limited
(32). Human arginase was PEGylated to produce recombinant
PEGylated arginase (rhArg-peg), and the catalytic activity of
arginase was enhanced by substituting cobalt ions for manganese
ions. Its half-life and activity time were lengthened, and its
immunogenicity was diminished (33, 34). RhArg has
therapeutic potential for malignancies lacking OCT or ASS
expression. According to studies, arginine deiminase is
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ineffective in tumors expressing ASS, mostly because arginine
can be synthesized from citrulline via ASS and ASL (33, 35).

Although arginase therapy in hematological malignancies has
not yet reached the approved clinical stage, many studies have
confirmed the potential therapeutic activity of arginase in
hematological malignancies. Francis Mussai et al. confirmed
that pegylated recombinant human arginase (BCT-100) led to
rapid consumption of arginine inside and outside cells, thereby
inducing cell cycle arrest and cell death. They further revealed
that it is because of defective expression of ASS and OCT in AML
cells (36). In addition to the therapeutic effect in AML cells, BCT-
100 treatment can block the expression of cyclin D3 in cells,
thereby inducing apoptosis of T- acute lymphoblastic leukemia
(T-ALL) cells in vitro and in vivo, reflecting the potential
therapeutic effect of BCT-100 on T-cell malignancies by
consuming arginine (28). In addition, Carmela De Santo et al.
showed that BCT-100 combined with dexamethasone had
obvious cytotoxicity on acute lymphoblastic leukemia (ALL)
cells. Although ALL cells up-regulated the expression of
arginine transporter CAT-1 and endogenous ASS or OCT, it
still could not prevent the cytotoxicity of BCT-100 (37). The
combination of BCT-100 and cytarabine has been effective in the
treatment of AML and ALL in vivo and in vitro, but drug
resistance easily develops, so that further research is needed. In
hematological solid tumors, Zeng X et al. demonstrated that
recombinant human arginase can inhibit the growth of non-
Hodgkin’s lymphoma (NHL) cells by arginine deprivation,
which may play an anti-tumor role by cell cycle arrest and
caspase-dependent apoptosis (38).
EFFECT OF ARGINASE TREATMENT ON
HEMATOLOGICAL MALIGNANCY

Using recombinant arginase to treat nutritionally deficient
hematological cancers is expected to trigger cell death, which
may be mediated by autophagy, cell cycle arrest, or oxidative
stress. After treatment with recombinant human arginase,
studies have demonstrated that apoptosis results in cell death
in ALL, but AML exhibits caspase-independent and non-
apoptotic cell death (39). In the research of the influence of
BCT-100 on the cell cycle and proliferation, Francis Mussai et al.
discovered that the G0/G1 phase of AML cells treated with BCT-
100 remained unchanged. Compared to untreated cells, the
expression of cyclin A was substantially elevated, whereas the
expression of cyclins B and E was lowered, resulting in cell cycle
arrest, necrosis, and death (36).

The increased generation of ROS is the cause of tumor cell
death produced by BCT-100. Studies demonstrate that BCT-
100 therapy further induces ROS generation in bladder cancer
cells, blocking phosphorylation of AKT and mTOR and
triggering autophagy and death of tumor cells (39). S.
Xu et al. also discovered that rhArg slows tumor cell
proliferation via autophagy, cell cycle arrest, and oxidative
stress in the research on hepatocellular carcinoma and breast
cancer (40).
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STUDY ON THE RESISTANCE
MECHANISM OF ARGINASE

In arginase-treated cells, the expression of ASS1 is restored and
up-regulated, allowing arginine-deprived tumor cells to
recover endogenous arginine synthesis. c-MYC is a positive
regulator of ASS1 expression, and its activation is the primary
cause of ASS1 reexpression (41). Arginine deprivation
enhances ROS generation in the tumor microenvironment,
which in turn activates Gas6/Axl to initiate the PI3K/Akt/
GSK3B pathway, resulting in c-Myc oncogene expression
upregulation (42). By replacing the negative regulator HIF-1a
of the ASS1 gene promoter and competitively occupying the E
box of the promoter, up-regulated c-Myc restores and up-
regulates the expression of the ASS1 gene, thereby restoring
the endogenous synthesis of arginine (43).

Dietary restriction can trigger autophagy in cells. Through
autophagy, cells can recruit damaged proteins and defective
organelles into autophagosomes for digestion and breakdown
misfolded proteins or organelles by binding to lysosomes,
thereby supplying the energy and materials necessary for cell
survival. Also present in arginase treatment is autophagy.
Short-term arginine deprivation therapy decreases ATP and
NO levels, induces endoplasmic reticulum stress by activating
the mTOR pathway, promotes cell autophagy, and nourishes
cells with critical nutrients. In the absence of arginine for an
extended period of time, cancer cells can activate the Bax-
mediated apoptotic pathway or re-express the ASS gene to
produce resistance to arginases (44, 45). Zeng X et al.
confirmed that recombinant human arginase activated
autophagy in lymphoma cells, human promyelocytic
leukemia cells, and human T-ALL cells, which served a
protective function (38). In practice, the combination of
autophagy inhibitors (such as 3-methyladenine and
chloroquine) can augment the anti-tumor activity of arginase
and induce apoptosis in tumor cells (46).

In addition to the aforementioned potential resistance
mechanisms, arginase therapy is associated with the
activation of several metabolic pathways. During the
development of arginase resistance, proteomics reveals that
the cellular metabolism shifts from glutamine dependence to
glucose dependence (47, 48). Several investigations have
demonstrated that once the arginase consumes arginine, cell
growth becomes dependent on aspartic acid. Aspartic acid is
the precursor of pyrimidine nucleotides and can be used as the
substrate for arginine synthesis by ASS. Therefore, arginase
therapy should be combined with different metabolic
inhibition treatments to achieve better therapeutic effects,
which requires additional research (48).
CONCLUSION

As a semi-essential amino acid in the human body, arginine
participates in a variety of vital biological processes. By
arginine-degrading enzymes, arginine depletion therapy can
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l imit the growth of nutrit ional ly deficient tumors.
Hematological cancers, including AML, ALL and various
lymphomas, have been shown to respond favorably to this
treatment. Through recombinant engineering, arginase has
been transformed into pegylated recombinant human
arginase, which has a longer half-life, and less adverse effects.
Currently, the application of arginase to hematological cancers
has entered the clinical research phase, and additional
investigation is required to confirm the therapeutic benefit.
Drug resistance mechanisms of arginase therapy is still in its
exploratory phase, and more study is required to clarify it. To
develop more effective treatment options for hematological
cancers based on arginase, more in-depth discussion and
study is required.
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Gain-of-function mutations of isocitrate dehydrogenases 1/2 (IDH1/2) play crucial roles in
the development and progression of acute myeloid leukemia (AML), which provide
promising therapeutic targets. Two small molecular inhibitors, ivosidenib and
enasidenib have been approved for the treatment of IDH1- and IDH2-mutant AML,
respectively. Although these inhibitors benefit patients with AML clinically, drug resistance
still occurs and have become a major problem for targeted therapies of IDH-mutant AML.
A number of up-to-date studies have demonstrated molecular mechanisms of resistance,
providing rationales of novel therapeutic strategies targeting mutant IDH1/2. In this review,
we discuss mechanisms of resistance to ivosidenib and enasidenib in patients with AML.

Keywords: cancer metabolism, IDH1, IDH2, acute myeloid leukemia, drug resistance
INTRODUCTION

Isocitrate dehydrogenases 1/2 (IDH1/2) are metabolic enzymes catalyzing the oxidative
decarboxylation of isocitrate to a-KG and reducing NAD(P)+ to NAD(P)H in the tricarboxylic
acid (TCA) cycle (1). In human cells, IDH1 localizes to peroxisome and cytoplasm (2, 3) and IDH2
localizes to mitochondria (4). IDH1 plays a prominent role in glucose sensing (5) and lipid
metabolism (6), while IDH2 is involved in regulating oxidative respiration. Thus, both IDH1 and
IDH2 are thought to play key roles in cellular metabolisms. Also, the activity of IDH1/2 confers
protection from oxidative damage, since NADPH is involved in reducing glutathione by glutathione
reductase and a-KG is implicated as a potent antioxidant (7).

Mutations to IDH1/2 are important events in several types of cancers, including acute myeloid
leukemia (AML), glioma, angio-immunoblastic T-cell lymphoma, chondrosarcoma, intrahepatic
cholangiocarcinoma, and so on (8–11). In AML, IDH1/2 mutations were found in 16~33% patients,
with R132H accounting for over 93% of IDH1 variants and R140Q/R172K being predominant in
IDH2 variants (12, 13). These mutations gain a neomorphic catalytic function that converts a-KG
to the oncometabolite R-2-hydroxyglutarate (2-HG) (14). The accumulating 2-HG, acting as a
competitive inhibitor of a-KG, occupies the catalytic sites of multiple a-KG-dependent
dioxygenases to inhibit their catalytic activity competitively. The potential targets of 2-HG
inhibition that have acquired significant attention mainly include JmjC domain-containing
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histone demethylases (JmjC KDMs), tet methylcytosine
dioxygenase 2 (TET2), and prolyl hydroxylases (PHD). JmjC
KDMs and TET2 regulate gene expression by participating in
histone and DNA demethylation, respectively, which contributes
to the blockade of cell differentiation and the development of
cancers. In addition, PHDs, the regulatory proteins catalyzing
degradation of hypoxia-inducible factor 1a (HIF-1a), also can be
inhibited by 2-HG that promotes oncogenesis and tumor
progression (15).

Multiple studies have investigated the impact of IDH1/2
mutations on the prognosis of AML, with inconclusive results.
Generally, IDH1 mutations are associated with an inferior outcome
and IDH2 mutations are associated with a relatively favorable
prognosis in AML (12, 16–19). In AML, mutant IDH1/2 serves as
a poor prognostic factor in cytogenetically normal (CN)-AML with
mutant NPM1 without FLT3-ITD (12). Several studies analyzed the
specific clinical characteristics of AML patients with IDH1/2
mutations, and reported that IDH1/2 mutations are associated
with old age, low WBC, high platelets, normal cytogenetics, and
mutant NPM1 (12).

The discovery of IDH mutations in cancers promotes the
rapid development of targeted inhibitors. Enasidenib (AG-221)
and ivosidenib (AG-120) are inhibitors approved by FDA for the
treatment of refractory or relapsed R/R AML with IDH2 or IDH1
mutations (20). Vorasidenib is a potent, oral, brain-penetrant
dual inhibitor targeting both IDH1 and IDH2 mutants, which is
undergoing a phase III INDIGO study (NCT04164901) in
patients with residual or recurrent grade II glioma (21). A
first-in-human phase I study (NCT02492737) of vorasidenib
demonstrated well tolerability and preliminary antitumor
activity in patients with low-grade gliomas (22).

Enasidenib and ivosidenib are first-in-class small molecule
inhibitors targeting mutant IDH2 or IDH1. Biochemical and
cellular analyses showed that ivosidenib was a highly selective
inhibitor of IDH1, with no inhibition to IDH2 at micromolar
concentrations. Preclinical data demonstrated that the treatment
of ivosidenib significantly decreases the level of 2-HG in tumor
models and promotes differentiation of primary human AML
blast cells (23). Notably, ivosidenib and enasidenib demonstrated
excellent clinical efficacy in IDH1/2-mutated R/R AML patients,
with overall response rates (ORRs) of 41.6% and 40.3%,
respectively, total CR rates of 21.6% and 19.3%, respectively,
and median overall survival (mOS) of 8.8 months and 9.3
months, respectively. The median event-free survival (mEFS)
duration for enasidenib-treated AML patients was 6.4 months.
Vorasidenib showed preliminary antitumor activity in recurrent
or progressive non-enhancing IDH1/2-mutated low-grade
glioma with an objective response rate of 18% and a median
progression-free survival of 36.8 months.

Although enasidenib or ivosidenib have remarkable
advantages as therapeutic agents in the treatment of R/R AML,
drug-resistance inevitably occurs, rendering disease progression.
Some AML patients with IDH mutations have no response to
monotherapy with mIDH inhibitors, and some patients relapsed
with elevated circulating levels of 2-HG and acquired resistance
to IDH-targeted therapies. The mechanism of drug-resistance is
Frontiers in Oncology | www.frontiersin.org 291
complex. In this review, we discuss the mechanisms of resistance
to enasidenib or ivosidenib and potential strategies to overcome
these mechanisms (Figure 1).
SECONDARY IDH MUTATIONS

Allosteric inhibitors of IDH mutations exhibit similar binding
characteristics, which was validated by using structure modeling.
enasidenib was confirmed to bind to an allosteric site of mIDH2
within the homodimer interface, which stabilized the open
conformation of mutant enzyme and suppressed production of
2-HG. Hydrogen bonds and hydrophobic interactions anchor
enasidenib binding with Q316 residues of mIDH2 (24). In
addition, interactions between enasidenib and other
surrounding residuals including D312, W164, V294, V297,
L298, V315, I319, and L320 also contribute to high inhibitory
of potency (24). A recent case report showed two patients with
gain resistance to enasidenib relapsed for secondary IDH2
mutations including Q316E and I319M. The structure
modeling revealed that Q316 mutation led to diminished
hydrogen bonds between enasidenib and IDH2, whereas
I319M mutation led to steric hindrance for the bulky side
chain. Another study described an AML patient with initial
IDH1-R132H mutation who had a clinical response to
ivosidenib, followed by relapse. Subsequent sequencing showed
emergence of a secondary IDH1-S280F known as the cause of
drug-resistance. The structure modeling confirmed that S280F
mutation created steric hindrance between ivosidenib and
mIDH1 dimer interface. These studies provide direct evidence
for the resistance mechanism of second-site mutations, such as
Q316E and I319M in IDH2 mutations and S280F in IDH1
mutations, that result in therapeutic resistance.
LEUKEMIA STEMNESS

Accumulating evidence has confirmed that cancer derives from
cancer stem cells, a population of self-renewal cells that contribute
to resistance to multiple therapies (25). Multipronged genomic
analysis reveals the promoters of genes related to transcriptional
regulation of leukemia stemness exhibit significant
hypermethylation, which is closely related to primary resistance to
IDH inhibitors (26). The molecular drivers of hypermethylated
phenotype including FOXC1, CD99 and DNMT3A are identified as
critical regulators of leukemia stemness. Additionally, targeting
sequencing indicated co-occurring mutations of transcription
factors related to hematopoietic differentiation including RUNX1,
CEBPA and GATA2, are also associated with significantly worse
response to IDH inhibitors (IDHi). Multi-logistic regression analysis
showed that increased stemness is one of the mechanisms of IDHi
primary resistance, and the score of stemness can be used as a
potential predictive biomarker for IDH inhibitor response (26).

TheWnt/b-catenin signaling pathway, key components of the
cascade for maintaining cancer cell stemness, participates in
diverse physiological processes including proliferation,
June 2022 | Volume 12 | Article 931462
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differentiation, apoptosis, invasion, migration, and tissue
homeostasis, and its deregulation is closely related to initiation
and progression of tumors (27–29). Whereas, 2-HG induces the
hypermethylated inhibitory signals of Wnt, which lead to the
improvement of stemness (30). Accumulating 2-HG resulted
from IDH mutations improves leukemia stemness to block cell
differentiation, which induces primary resistance to IDH inhibitors.
ISOFORM SWITCHING

Both IDH1 and IDH2 mutations have been reported in cancers,
whereas usually only one mutation is identified in a certain
cancer (31, 32). An AML patient with IDH mutation is usually
treated by one type of small molecular inhibitor, either
enasidenib or ivosidenib, to block disease progression.
However, Harding et al. described four patients identifying
IDH mutation isoform switching, either from mutant IDH1 to
mutant IDH2 or vice versa (33).

Importantly, in this case report, two R/R AML patients with
initial IDH1-R132C mutation achieved durable remissions with
therapy of ivosidenib, but leukemia cells recurred with
emergence of neomorphic mutation IDH2-R140Q. The third
Frontiers in Oncology | www.frontiersin.org 392
patient who suffered from treatment-refractory intrahepatic
cholangiocarcinoma with IDH1-R132C obtained a sustained
partial response to ivosidenib. The disease progressed
subsequently with emergence of a new IDH2-R172V mutation.
The fourth case, an R/R AML patient with initial IDH2-R140Q
mutation achieved a durable remission with enasidenib, but
disease progression occured with emergence of a new IDH1-
R132C mutation which was sensitive to combined blockade
IDH1/2 by vorasidenib. The isoform switching from IDH1
mutations to IDH2 mutations or vice versa were accompanied
with elevated levels of 2-HG and disease progression. Therefore,
isoform switching of IDH mutations is identified as one of the
mechanisms of acquired resistance to IDH-targeted inhibitors.
However, the precise frequency of isoform switching of IDH
mutation remain unclear, which is essential to be determined in
studies with large populations.
RTK PATHWAY MUTATIONS

Choe et al. performed a comprehensive genomic analysis in a
large population of R/R AML patients carrying IDH mutations
who were treated by ivosidenib, and confirmed that RTK
FIGURE 1 | The mechanisms of ivosidenib/enasidenib resistance in AML.
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pathway mutations are associated with primary resistance to
ivosidenib. They performed co-occurring mutation profiling in
these patients by NGS and found that baseline mutations of the
individual RTK pathway genes including NRAS and PTPN11,
and in the grouped RTK pathway genes including NRAS, KRAS,
PTPN11, KIT, and FLT3, were implicated with an importantly
lower likelihood of achievement of CR or CRh as a best response
to ivosidenib (34). These results are consistent with previous
work, in which NRAS mutation is associated with a worse
response to enasidenib in R/R AML patients with mIDH2 (35).
Therefore, co-occurring RTK pathway mutation is one of the
mechanisms of primary resistance to mIDH inhibitors.

Additionally, Choe et al. observed emergence of RTK pathway
mutations in about 35% relapsed cases achieving CR or CRh after
monotherapy of ivosidenib, suggesting RTK pathway mutations
are also associated with acquired resistance to ivosidenib (34).
The biological processes that explain why RTK pathway
mutations are implicated in both primary and acquired
resistance to mIDH inhibitors are unclear. Several hypotheses
were raised. First, it may be that the proliferative and prosurvival
effects of RTK pathway activation are sufficiently strong
oncogenic signals to reduce dependency on 2-HG. Second, it is
possible that RTK pathway-activating mutations contribute to a
differentiation block that remains enforced after initiation of
ivosidenib treatment. A third hypothesis is that IDH1/2
mutations result in activation of some components of RTK
signaling, which would not be reversed by ivosidenib in cases
with co-occurring RTK pathway mutations.
MITOCHONDRIAL METABOLISM

Metabolic adaptations derived from changes of energy and
intermediary metabolism in cancer cells are thought to meet
biosynthetic and energetic requirements for proliferation (36).
IHD1/2 play crucial roles in cell metabolism including Krebs cycle,
cytosolic and mitochondrial redox, (oxidative phosphorylation)
OxPHOS, and anabolism such as lipid biosynthesis. A better
understanding of contributions of IDH mutations to metabolism
and metabolic homeostasis may promote promising therapeutic
strategies. Recently, several studies demonstrated that cancer cells
carrying IDH mutations display some metabolic specificities,
especially enhanced mitochondrial oxidative metabolism
compared with wild-type cancer cells, and these cells tend to
show vulnerability to mitochondrial inhibition (37–43).

Stuani et al. found AML patients with IDH mutations exhibited
an enhanced mitochondrial oxidative metabolism which supports
resistance to IDHmutation inhibitors. They performedmulti-omics
and functional approaches to investigate the mechanism of
resistance. While IDH1 mutant inhibitor reduced 2-HG
oncometabolite and CEBPa methylation, it failed to reverse (fatty
acid b-oxidation) FAO and OxPHOS. OxPHOS, as a master
regulator of mitochondrial biogenesis, and biosynthesis or
degradation of FA, activation of PGC1a (peroxisome proliferator-
activated receptor-g coactivator-1) was not reversed after the
inhibition of mIDH1. Importantly, FAO is a crucial biochemical
Frontiers in Oncology | www.frontiersin.org 493
process for sustaining OxPHOS and mitochondrial function in
AML cells. Analysis of transcriptomic data from four clinical trials
in 10 resistant patients demonstrated that genes associated with high
OxPHOS function are enriched. Collectively, the OxPHOS
phenotype was also confirmed as a nongenetic mechanism of
IDHi resistance.
CLONAL SELECTION/EVOLUTION

Accumulating emergence of somatic mutations in cancers
promote the development of clonal heterogeneity (44). AML has
been firmly established as a highly dynamic oligoclonal disease by
using single-cell DNA sequencing approaches (45, 46). A good
understanding of evolution of clonal heterogeneity is helpful to
make a precise investigation of mechanisms of drug resistance.

Quek et al. studied the clonal basis of response and acquired
resistance to enasidenib treatment (47). An analysis of paired
diagnosis/relapse samples did not identify second site mutations
in IDH2 at relapse. Instead, relapse arose by clonal evolution, or
selection, of terminal or ancestral clones, highlighting multiple
bypass pathways that could potentially be targeted to restore
differentiation arrest. The increased variant allele frequency
(VAF) of colony stimulating factor 3 receptor (CSF3R), (FMS-
like tyrosine kinase 3) FLT3, and Cbl proto-oncogene (CBL),
were identified as potential risks for acquired resistance. Relapse
is also associated with concurrent mutations in U2 small nuclear
RNA auxiliary factor 1 (U2AF1) and hematopoietic transcription
factors, including RUNX1, BCL6 corepressor like 1 (BCORL1),
GATA2, and BAF chromatin remodeling complex subunit
BCL11A (BCL11A). The deletion of all or part of chromosome
7 is a risk factor for relapse after enasidenib treatment. Less
reported variations in other genes including nuclear factor kappa
B subunit 1 (NFKB1), DEAD-box helicase 1 (DDX1),
microtubule associated scaffold protein 1 (MTUS1), DEAH-
box helicase 15 (DHX15), and DEAF1 transcription factor
(DEAF1), contribute to clonal evolution related to relapse.
Mutations in DHX15 (R222G) and DDX1 (G699A) are notable
due to their vital role in altering RNA splicing.
CONCLUSION

In summary, this review concludes the resistance mechanisms of
approved mIDH1/2 inhibitors and the increased understanding
of drug-resistance mechanism would promote the development
of corresponding strategies. To better investigate resistance
mechanisms, development of novel effective approaches for
detecting gene mutations is extremely important, such as next
generation sequencing (NGS) and single-cell RNA sequencing
(scRNA-seq). Future strategies should pay attention to the
development of rational combination therapies with mIDH
inhibitors or agents which can overcome the resistance to
improve the response duration. The emerging biological
mechanisms and clinical insights into these issues will provide
guidance for rational treatment in the future.
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Aberrant metabolism contributes to tumor initiation, progression, metastasis, and drug
resistance. Metabolic dysregulation has emerged as a hallmark of several hematologic
malignancies. Decoding the molecular mechanism underlying metabolic rewiring in
hematological malignancies would provide promising avenues for novel therapeutic
interventions. Single-cell metabolic analysis can directly offer a meaningful readout of
the cellular phenotype, allowing us to comprehensively dissect cellular states and access
biological information unobtainable from bulk analysis. In this review, we first highlight the
unique metabolic properties of hematologic malignancies and underscore potential
metabolic vulnerabilities. We then emphasize the emerging single-cell metabolomics
techniques, aiming to provide a guide to interrogating metabolism at single-cell
resolution. Furthermore, we summarize recent studies demonstrating the power of
single-cell metabolomics to uncover the roles of metabolic rewiring in tumor biology,
cellular heterogeneity, immunometabolism, and therapeutic resistance. Meanwhile, we
describe a practical view of the potential applications of single-cell metabolomics in
hematopoiesis and hematological malignancies. Finally, we present the challenges and
perspectives of single-cell metabolomics development.

Keywords: single-cell metabolomics, metabolic reprogramming, hematopoiesis, hematological malignancies,
glucose metabolism, amino acids metabolism, lipid-related metabolism
INTRODUCTION

Metabolism consists of a series of biochemical reactions that occur within a living organism to
maintain life. As genetic or non-genetic alterations, tumor cells rewire metabolic pathways to adapt
to their rapid growth and proliferation. Metabolic reprogramming of cancer cells is now deemed
one of the hallmarks of cancer (1). Increasing evidence suggests that dysregulated cell metabolism
facilitates tumor initiation, progression, metastasis, and drug resistance. The metabolic alterations of
cancer cells are mainly reflected in the increase in glucose and glutamine uptake and fatty acid
metabolism, which are crucial for promoting the rapid synthesis of nucleotides, proteins, and lipids,
meeting energy requirements and maintaining redox homeostasis (2–4). Moreover, metabolic
alterations also modulate cell signaling pathways and post-translational modifications (PTMs) (5).
Metabolites can serve as signaling molecules that directly affect both pro-inflammatory and anti-
inflammatory outcomes (6–8). Emerging evidence suggests that metabolic regulation of PTMs on
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DNA and histones impacts gene expression (9, 10). Furthermore,
metabolic enzymes have been reported to have ‘moonlighting’
functions as RNA-binding proteins (11). Metabolic alterations in
cancer are triggered by various mechanisms that instigate
signaling pathways and regulate the expression of metabolism-
related genes (3).

Alterations inmetabolic processes vary fromcancer to cancer, as
nutrient availability, oncogenic activation, proliferative state or
microenvironment are spatially and temporally heterogeneous.
As a result, each type of cancer cell has distinct needs in terms of
energy and biomass production (12–14). When analyzing the
metabolism of different hematological malignancies, the
heterogeneity between them should also be considered.

A growing number of studies regard cancer as a kind ofmetabolic
diseases, as do hematological malignancies. Hematological
malignancies can be classified as leukemia, myeloma, and
lymphoma and are often deadly. The most common hematological
malignancies include acute myeloid leukemia (AML), chronic
myeloid leukemia (CML), acute lymphoblastic leukemia (ALL),
chronic lymphocytic leukemia (CLL), multiple myeloma (MM),
Hodgkin lymphoma (HL), and non-Hodgkin lymphoma (NHL).
Aberrant metabolism and metabolic reprogramming play important
roles in the pathogenesis of hematologic disorders. The metabolic
characteristicsof leukemiacells areusuallydifferent fromthoseof their
normal counterparts, manifested by increased glycolysis,
glutaminolysis, and lipogenesis. Metabolic differences provide new
therapeutic targets to overcome hematological malignancies.
Moreover, metabolic reprogramming contributes to an
immunosuppressive microenvironment, increasing the probability
of resistance to anticancer therapies. Recurrence and refractory always
exist inpatientswithhematologicmalignancies, and long-termoverall
survival remains unsatisfactory. Newer and more sophisticated
therapeutic approaches are imperative. Metabolic therapies alone or
in combination with other treatment regimens, such as
immunotherapy, targeted therapy, and chemotherapy, bring new
opportunities for patients with hematologic malignancies.

Metabolomics provides the best view of biological phenotypes
by profiling changes in endogenous metabolites. Insights into the
role of metabolic reprogramming in tumor biology have largely
been accomplished by bulk metabolic analysis techniques.
However, bulk analyses neglect intratumoral heterogeneity, so the
mechanisms underlying critical disease events of hematological
malignancies remain obscure, such as treatment resistance and
clonal evolution. Propelled by a set of recent technological advances
in single-cell metabolomics, new insights into tumor metabolism
are rapidly emerging, which are often not available on other omics
layers (Figure 1). Single-cell metabolomics technologies will
provide an understanding of hematological malignancies at
unprecedented depth and reveal new insights into the
pathogenesis of hematologic malignancies.

In this review, we summarize the unique metabolic
characteristics of hematologic malignancies. Then, we illustrate
the research progress of single-cell metabolomics technology.
Applications and potential of single-cell metabolomics in
hematopoiesis and hematologic malignancies are discussed.
Finally, we present the challenges and perspectives of single-
Frontiers in Oncology | www.frontiersin.org 297
cell metabolomics development. This review will provide a clear
navigation of numerous single-cell metabolomics technologies
and strategies.
UNIQUE METABOLIC PROPERTIES OF
HEMATOLOGIC MALIGNANCIES

Glucose Metabolism
Themost commonmetabolic alteration in cancer is aerobic glycolysis.
In the presence of oxygen, normal cells will take up glucose for
respiration and continue with oxidative phosphorylation
(OXPHOS), whereas some tumor cells are more likely to take
glucose for glycolysis to rapidly produce ATP, anabolic intermediates
and lactate (1), which is known as the Warburg effect. Lactate can
promote tumor cell growth andmetastasis by stimulating angiogenesis
and acidifying the tumor microenvironment, and also cause local
inflammatory responses (15–17). A high level of glucose consumption
is a conserved characteristic of most hematological malignancies
(Figure 2). The PI3K-AKT/mTOR signaling pathway activates the
expression of downstream glycolytic genes, including GLUT1, HK2,
PFKFB3, LDHA, PKM2 and suppressors of the tricarboxylic acid
(TCA) cycle such as PDK (4), resulting in a shift in glucose
utilization (Figure 3). Competitive glucose metabolism as a target
boosts the emergence of novel therapeutic approaches for
hematologic malignancies.
FIGURE 1 | Overview of representative single-cell metabolomics methods for
metabolic profiling. Hematological malignancies have abnormal metabolic
characteristics, reflected in glucose metabolism, amino acids metabolism, and
lipid-related metabolism. Some emerging single-cell metabolomics (SCM)
techniques can help us better understand metabolic signatures at the single-
cell level and provide unprecedented insights into hematological malignancies.
July 2022 | Volume 12 | Article 931393

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


Zuo et al. Single-Cell Metabolomics in Hematological Malignancies
Cellular glucose uptake is mediated by transmembrane glucose
transporters (GLUTs), and most hematological malignancies, such
as AML, CML, B-ALL and MM, take up abundant glucose
through overexpressed GLUT1. Studies have demonstrated
GLUT1 as a therapeutic target for hematological malignancies
(Figure 2) (18–22). MM cells also exhibit an unexpected
dependence on GLUT4, GLUT8 and GLUT11. Myeloma cells
exhibit reliance on GLUT4 for basal glucose consumption,
maintenance of apoptotic effector Mcl-1 expression, growth, and
survival, while GLUT8 and GLUT11 are required for proliferation
and viability in myeloma (23). Likewise, 60% of CLL cells
overexpressed GLUT4, facilitating glucose transport (24). The
human immunodeficiency virus (HIV) protease inhibitor
Frontiers in Oncology | www.frontiersin.org 398
ritonavir has an off-target inhibitory effect on GLUT4 expression
in CLL andMM, resulting in the reduction of cell viability (23, 24).
Notably, GLUT1 is not increased in CLL cells, and CLL cells seem
not to follow the Warburg effect (25, 26). Distinct signatures of
glucose metabolism have been found in AML patients, which
demonstrated prognostic value in cytogenetically normal AML
patients (27). Internal tandem duplication (ITD) mutation in the
Fms-like tyrosine kinase 3 gene (FLT3/ITD) causes a significant
increase in aerobic glycolysis through AKT-mediated upregulation
of mitochondrial hexokinase 2 (HK2) and renders leukemia cells
highly dependent on glycolysis (28). The combination of the FLT3
tyrosine kinase inhibitor sorafenib and glycolytic inhibitor 2-
deoxy-d-glucose (2-DG) enhanced cytotoxicity in AML (28).

Pyruvate kinase (PKM2) and lactate dehydrogenase A (LDHA)
play important roles in the initiation, maintenance, and progression
of CML and AML in mice, and deletion of PKM2 or LDHA results
in significantly prolonged disease latency (29). LDHA inhibitor
oxamate suppressed proliferation and induced apoptosis in T-ALL
FIGURE 3 | Signaling pathways that regulate metabolism. Growth factors
affect metabolism by activating RTKs, and the PI3K/AKT axis can be
activated as downstream of RTK and RAS. mTORC1, downstream of PI3K/
AKT, can be activated upon AKT-mediated phosphorylation or suppressed
through AMPK-mediated phosphorylation. NOTCH1 signaling promotes the
activation of PI3K-AKT-mTOR signaling. PI3K-AKT-mTOR signaling can alter
metabolism by regulating multiple transcription factors, nutrient transporters,
and phosphorylating metabolic enzymes. HIF, MYC, and SREBP-1 are
downstream transcription factors of mTORC1 that promote glycolysis,
glutamine metabolism, fatty acid synthesis, and mitochondrial biogenesis.
MYC can collaborate with HIF to enhance the expression of genes involved in
glucose uptake and glycolysis, including LDHA, pyruvate dehydrogenase
kinase-1 (PDK-1), and HK-2. Apart from this, MYC targets function to
enhance mitochondrial biogenesis and function, especially glutamine
metabolism. MYC can induce glutamine transporters expression (e.g.
SLC7A5 and SLC1A5) and increase the levels of glutaminase. SREBP as a
downstream effector of mTORC1 can induce the expression of several key
enzymes related to fatty acid and sterol biosynthesis, such as ATP citrate
lyase (ACLY) and fatty acid synthase. Moreover, SREBP interacts with MYC
to regulate lipogenesis and then promote tumorigenesis. P53 forms a positive
feedback loop with AMPK to repress glycolytic activity and promote OXPHOS
and PPP. Phosphoserine STAT3 binds to and activates the promoter of LPL.
FIGURE 2 | Metabolic alterations in hematological malignancies. Metabolic
alterations in hematological malignancies are mainly reflected in the increase
in glucose and glutamine uptake and fatty acid metabolism to promote the
rapid synthesis of nucleotides, proteins, and lipids. Different metabolic
pathways are marked with distinct colors. Unique metabolic characteristics
exhibited in one or a few types of hematological malignancies are labeled.
Some special enzymes or reaction processes in the metabolic process, which
can be used as potential therapeutic targets, are marked with an asterisk.
The yellow capsules represent the drugs in clinical trials, whereas the green
capsules represent FDA-approved drugs targeting the metabolic process of
hematological malignancies. The dashed line with arrow represents
anabolism. GLUT, glucose transporter; HK2, hexokinase2; G6P, glucose-6-
phosphate; G6PD, Glucose-6-phosphate dehydrogenase; R5P, ribose-5-
phosphate; PPP, pentose phosphate pathway; NADPH, nicotinamide adenine
dinucleotide phosphate; F1,6BP, fructose-1,6-biphosphate; GA3P,
glyceraldehyde 3-phosphate; DHAP, dihydroxyacetone phosphate; F1P,
fructose-1-phosphate; PEP, phosphoenolpyruvate; PKM2, pyruvate kinase
M2; FA, fatty acid; FATP, fatty acid transport protein; OAA, oxaloacetate; a-
KG, a-ketoglutarate; Asp, Asparagine; Asn, asparagine; ASNS, asparagine
synthetase, ASS1, arginine succinate synthase-1; Arg, arginine; CAT, cationic
amino acid transporters; BCAA, branched-chain amino acid; BCKA,
branched-chain Keto acid; IDH, isocitrate dehydrogenases; 2HG, 2-
hydroxyglutarate; Glu, Glutamate; Gln, glutamine; GLS, glutaminase; Try,
tryptophan; Kyn, kynurenine; IDO, indoleamine 2,3-dioxygenase, LPL,
lipoprotein lipase; MCT, monocarboxylate transporter; LDHA, lactate
dehydrogenase A; FAO, fatty acid oxidation; FAS, fatty acid synthesis; TCA,
tricarboxylic acid cycle.
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cell lines and primary T-ALL cells through the c-Myc-ROS and
PI3K/AKT/GSK3b signaling pathways (29). In the myeloma
microenvironment, lactate is also produced by stromal cells and
then enters myeloma cells via monocarboxylate transporter 1
(MCT1). Lactate contributes to the survival of MM cells in
autocrine or paracrine manners (30). Treatment with a-cyano-4-
hydroxy cinnamate (CHC), a known inhibitor of MCT, dose-
dependently induced cell death in MM cell lines and primary
MM cells (31). HL cells are prone to undergo OXPHOS within
mitochondria. Some non-cancer cells, such as tumor-associated
macrophages (TAMs) with high glycolysis, could promote tumor
growth in HL (32). HL tumor cells have high mitochondrial
metabolism, high expression of MCT1, and uptake and utilization
of lactate released from TAMs.

Leukemia cells show a marked dependence on the pentose
phosphate pathway (PPP), which is a branch of glycolysis, to
generate ribose-5-phosphate (R5P) for nucleic acid synthesis and
NADPH for biosynthetic reactions and oxidative balance
(Figure 2). In AML serum samples, the PPP intermediate D-
ribose phosphate was reduced (27). Critical PPP genes were
upregulated in 61% of patients with AML (33). Glucose-6-
phosphate dehydrogenase (G6PD) is the first enzyme in the
PPP pathway, whose inhibitor 6-aminonicotinamide (6AN)
induces cytotoxicity against AML cells in vitro and in vivo
(34). In addition to PPP, fructolysis is an alternative strategy to
provide carbon intermediates for the glycolytic pathway in AML
(35). AML cells can compensate for low glucose levels by
upregulating fructose transporter GLUT5 (36). GLUT5 is
upregulated in Philadelphia chromosome-positive ALL (Ph+

ALL), leading to imatinib resistance, thus targeting GLUT5
might be promising in Ph+ ALL patients (37, 38).

Pyruvate and some other fuel sources, such as glutamine, can
enter the mitochondrial TCA cycle and undergo OXPHOS, which
is an important reaction in mitochondria. Although aerobic
glycolysis is the main metabolic mode of hematological
malignancies, some of them also increase OXPHOS to gain
energy and anabolic precursors. The examined untreated CLL
patients exhibit a metabolic signature of oxidative stress (25), and
OXPHOS is a predominant pathway in CLL for energy production
(39). CLL cells have an increasedmitochondrial number andmass,
displaying heightened mitochondrial respiration, elevated levels of
reactive oxygen species (ROS), and enhanced antioxidant capacity
(25, 40–42). Metformin inhibits mitochondrial complex I,
inducing apoptosis of quiescent CLL cells and inhibiting cell
cycle entry (43). Activated 5’ AMP-activated kinase (AMPK)
inhibits mammalian target of rapamycin complex 1 (mTORC1)
while promoting oxidative metabolism and mitochondrial
complex I activity, resulting in a decreased level of aerobic
glycolysis in T-ALL cells (44). AML patient samples display an
increased mitochondrial mass without a concomitant increase in
respiratory chain complexes activity, which makes AML cells seem
more susceptible to oxidative stress (45). Increased glycolysis and
inefficient OXPHOS in AML patients may contribute to drug
resistance (46). However, in different AML cell lines, NB4 cells
tend to undergo glycolysis, while THP-1 cells are recognized to be
dependent on OXPHOS (47). THP-1 cells are resistant to 2-DG
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treatment, while NB4 cells are sensitive to 2-DG treatment; the
difference is that AMPK responds differently to 2-DG (47).

Isocitrate dehydrogenase (IDH) catalyzes the decarboxylation
of isocitrate to a-KG, however, mutant IDH1 and IDH2 reduce a-
KG to 2-hydroxyglutarate (2HG), which could alter the epigenetic
landscape of leukemic progenitors (48, 49). IDH mutations are
prone to occur in AML (50, 51), and the FDA-approved drugs
ivosidenib and enasidenib have been identified as small molecules,
targeting IDH1 and IDH2 in AML, respectively. Furthermore,
vorasidenib (AG-881) and LY3410738 are under investigation in
phase I trials for the treatment of AML patients with IDH1 and/or
IDH2 mutation (52, 53).

Amino Acids Metabolism
Apart from glucose, cancer cells rely heavily on glutamine to
obtain the necessary energy and building blocks to survive and
proliferate. Glutamine serves as a carbon source for the
replenishment of TCA cycle intermediates and a nitrogen
source for the biosynthesis of nucleotides and amino acids.
Glutamine is converted to glutamate by glutaminase (GLS).
Almost all hematological malignancies depend on glutamine
metabolism, and targeting glutamine metabolism has been
proven to have therapeutic potential in the treatment of
hematological malignancies (40, 54–57). For example, the
glutaminase inhibitor CB-839 inhibits glutathione (GSH)
production, induces mitochondrial reactive oxygen species
(mitoROS) and causes apoptosis in AML and ALL (57).
Knockdown of the glutamine transporter SLC1A5 inhibits
glutamine uptake, induces apoptosis and suppresses tumor
formation in a mouse AML xenotransplantation model (58).
Stable SLC1A5 downregulation by a lentiviral approach inhibited
human myeloma cell line growth in vitro and in a murine model
(59). Activating mutations in NOTCH1 are common in T-ALL,
and inhibition of NOTCH1 signaling in T-ALL drives a
metabolic crisis, with prominent inhibition of glutaminolysis
and promotes autophagy (60).

In addition, AML and ALL show dependence on arginine,
and most AML and ALL cells lack arginine succinate synthase-1
(ASS1) and/or ornithine transcarbamylase (OTC), relying on
extracellular arginine availability (61–63). AML constitutively
expresses the cationic amino acid transporters CAT-1 and CAT-
2B for arginine uptake, while ALL expresses CAT-1 in the
absence of CAT-2A or CAT-2B (62, 63). BCT-100, a pegylated
human recombinant arginase, leads to a rapid arginine depletion
and could serve as a novel therapeutic agent for AML and ALL
cells (62, 63). Arginine metabolism is significantly enriched in
MM patients, promoting the urea cycle, and the elevated levels of
urea, creatinine, and uric acid in plasma may be related to
impaired renal function and damaged toxin excretion during
the progression of MM (64, 65).

Indoleamine 2,3-dioxygenase (IDO) is an immunomodulatory
enzyme that facilitates tryptophan catabolism into the
immunoregulatory metabolite kynurenine (Kyn) (66). IDO and Kyn
canmanipulate the immunosuppressive tumormicroenvironment by
affecting T-cell maturation and proliferation and inducing
differentiation into T regulatory cells (67). AML patients were shown
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to express IDO, and high IDO expression and elevated levels of Kyn
were correlated with poor clinical outcomes in AML patients (68, 69).
Inhibitionof IDOexpressioncandisrupt immunetoleranceasanAML
treatment option (68). Although individual CML patients differed in
their rates of IDO production, the present data indicate that CML
should be added to malignancies with higher IDO activity (70). CLL
cells alsoexpressanactive IDOenzymeandproducehigh levelsofKyn,
which plays a role in the survival and drug resistance of leukemic cells
(71).Another studydemonstrates that the levels of serumKynandTrp
are useful for predicting the prognosis of individual HL patients (72).

Asparagine is essential for DNA synthesis, RNA synthesis,
protein metabolism, and survival of leukemic cells, however, ALL
cells lack asparagine synthetase (ASNS). ALL cells are auxotrophic
for asparagine and highly sensitive to asparaginase treatment (73,
74). Asparaginase depletes the source of asparagine for leukemic
cells, leading to the death of leukemic cells, and the antileukemia
effect has been shown in clinical treatment of ALL (75–77). Four
drugs asparaginase Erwinia chrysanthemi, asparaginase
Escherichia coli, calaspargase pegol, and pegaspargase, have been
approved by the FDA to treat ALL, whereas pegaspargase was also
feasible in higher-stage NHL (Figure 2).

Branched-chain amino acids (BCAAs) include leucine,
isoleucine and valine, and branched-chain amino acids
transaminases 1 (BCAT1) transfers a-amino groups from
BCAAs to a-ketoglutarate (aKG) to produce glutamate and
their respective branched chain ketoacids (BCKAs). BCAT1 is
significantly overexpressed in AML leukemia stem cells (LSCs),
resulting in enhanced a-KG amination and thus lowered
intracellular levels of a-KG (78). BCAT1 is also aberrantly
activated in CML, and blocking BCAT1 gene expression or
enzymatic activity induces cellular differentiation and impairs
the propagation of blast crisis CML (79).

Lipid-Related Metabolism
Fatty acids (FAs) are key synthetic raw materials for cell
membranes and important energy reserves. The oxidation and
synthesis of FAs were shown to contribute to cancer growth. In
CLL, STAT3 is constitutively activated, which also activates LPL
transcription, resulting in elevated intracellular lipoprotein lipase
levels (80). STAT3 also activates the fatty acid translocase CD36
and facilitates FAs uptake in CLL cells (81). LPL induces cellular
uptake of lipoproteins, prompts the hydrolysis of triglycerides
into free fatty acids (FFAs) and shifts CLL cell metabolism
toward utilization of FFAs (82, 83). FFAs bind to proliferator-
activated receptor (PPAR)-a as ligands, and the FFA-PPARa
complex functions as a transcription factor to activate OXPHOS
genes (84). The B-cell receptor (BCR) inhibitor ibrutinib could
reduce LPL mRNA and protein levels and inhibit FFAs
metabolism in CLL cells (85). Perhexiline inhibits carnitine
palmitoyltransferases (CPT), thereby suppressing fatty acid
transport into mitochondria and leading to massive CLL cell
death (86).

Adipocytes could support cancer cells through the provision
of FAs. ALL cells stimulate adipocytes lipolysis and take up FFAs
released by adipocytes for OXPHOS (87). Adipocyte-derived
FFAs can alleviate the dependence of ALL cells on de novo
lipogenesis and reverse the cytotoxicity of pharmacological
Frontiers in Oncology | www.frontiersin.org 5100
acetyl-CoA carboxylase (ACC) inhibition. In addition, the
unsaturated fatty acid oleic acid protects ALL cells from
modest concentrations of chemotherapy (87). Obesity was
associated with worse outcomes and increased relapse rates in
patients older than 10 years at ALL diagnosis (88). In addition to
promoting fatty acid metabolism, MM cells induce lipolysis in
bone marrow (BM) adipocytes and then take up the released
FFAs through fatty acid transporter proteins (FATP), leading to
growth (89). AML cells are also supplied free fatty acids from BM
adipocytes, and utilize fatty acid oxidation (FAO) to generate
energy (90).

Understanding the metabolic patterns of hematological
malignancies will help us to better develop treatment plans for
their metabolic changes. Metabolomics has rapidly begun to
expand the research scope of genomics, transcriptomics, and
proteomics. The comprehensive metabolic profiles offer a
functional readout of cellular state, which sits closest in
proximity to clinical phenotype. Interrogating metabolic
rewiring of hematological malignancies at the single-celll
resolution might help to elucidate the underlying causes of
metabolic dysregulation in hematologic malignancy.
TECHNICAL ADVANCES IN SINGLE-
CELL METABOLOMICS

Metabolomics has gradually exceeded the powers of genomics,
transcriptomics, and proteomics to facilitate an understanding and
assessment of the clinical phenotype. Numerous technologies and
strategies are available for metabolism research. To determine
what the individual cell is actually doing in nature, however,
requires single-cell metabolomics. A broad array of new
techniques allow researchers to catalog the chemical contents at
single-cell resolution.

Mass Spectrometry-Based Single-Cell
Metabolomics Approaches
Mass spectrometry has emerged as the most widely used
technique for single-cell metabolomics owing to its high
sensitivity, broad molecular coverage, and wide dynamic
ranges. MS is coupled with capillary electrophoresis (CE) and
nano liquid chromatography (nanoLC), allowing efficient
separation, sensitive detection, and identification of complex
cellular contents (91–93). These hyphenated MS techniques
enabled to identify hundreds to thousands of molecules with
attomole to zeptomole sensitivity (94, 95). However, the
application of these hyphenated MS techniques is limited by
the relatively low throughput of cell analysis. Cell pretreatment
inevitably causes strong cellular perturbation.

Mass spectrometry imaging (MSI) is an attractive approach to
simultaneously image different compounds in a high-throughput
manner, overcoming the limited number of molecules detected
in traditional optical imaging (96, 97). Specially, MSI allows for
visualization of the spatial distribution of biomolecules without
extraction, purification, separation or labeling, which is in stark
contrast to most label-based imaging methods.
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The rapid development of single-cell metabolomics is
attributed to single-cell separation and injection techniques,
such as cell micro-array, single-cell droplet printing, and flow
cytometry (93), that can then spawn new single-cell
metabolomics technologies, such as high-density micro-arrays
for mass spectrometry (MAMS), droplet-based electrospray
ionization (ESI)-MS, and label-free mass cytometry (CyESI-
MS). MSI has been coupled with many typical ionization
techniques, such as matrix-assisted laser desorption ionization
(MALDI), ion beam ionization, electrospray ionization,
nanoelectrospray ionization (nESI), and matrix-free laser
desorption ionizat ion (LDI) . MSI-based single-cel l
metabolomics technologies have evolved as the best
suited platforms.

MALDI-MSI is one of the most popular techniques for single-
cell metabolic analysis. With its minimal sample preparation and
high throughput, MALDI–MS is well suited to analyzing large
populations of cells, and has been used successfully to reveal
cellular heterogeneity and to discover rare cell subtypes (98).
High spatial resolution MALDI-MSI can achieve high-precision
metabolite positioning at the cellular and subcellular levels in
situ, which advances our understanding of complex biological
processes by revealing unprecedented details of metabolic
biology (99).

The direct injection of single cells separated by microfluidic
devices or micropipettes into MS provides novel ways for highly
sensitive metabolite analysis in single cells (100). Zhang
et al. proposed a novel strategy integrating spiral inertial
microfluidics and ion mobility mass spectrometry (IM-MS) for
single-cell metabolite detection and identification, which
offered a simple and efficient method for single-cell lipid
profiling, with additional ion mobility separation of lipids
significantly improving the confidence toward identification of
metabolites (100).

Single-Cell Metabolic Profiling by Flow
Cytometry-Based Methods
With high sensitivity, broad molecular coverage, wide dynamic
range, and structural identification capabilities, flow cytometry
has become a widely used analytical tool for single-cell
metabolomics. Met-Flow, a flow cytometry-based method, is
capable of interrogating the network of metabolic pathways at
the single-cell level within a heterogeneous population. Using
Met-Flow, Patricia et al. captured the metabolic state of immune
cells by targeting key proteins and rate-limiting enzymes across
multiple pathways and discovered that glucose restriction and
metabolic rewiring drive the expansion of an inflammatory
central memory T cell subset (101).

Single-cell energetic metabolism by profiling translation
inhibition (SCENITH) is a simple method for complex
metabolic profiling samples ex vivo, that allows for the study of
metabolic responses in multiple cell types in parallel by flow
cytometry, particularly for rare cells. The ability of SCENITH to
reveal global metabolic functions and determine complex and
linked immune-phenotypes in rare cell subpopulations is helpful
for evaluating therapeutic responses or patient stratification (102).
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Single-Cell Spatial Metabolomics
Dissection of spatiotemporal differences in metabolic activities of
singular immune cells in the tumor microenvironment (TME) is
the key to understanding their complex communication
networks and the immune landscape that exists within
compromised tissues. With its rapidly evolving methods,
single-cell metabolomics technology is expanding to high
spatio-temporal resolution, providing new platforms for spatial
cell atlases and in situ visualization of metabolic processes.

High-spatial resolution MALDI-MSI has been applied to map
and visualize the three-dimensional spatial distribution of
phospholipid classes (103). Alexandrov et al. developed
SpaceM, a method that integrates MALDI imaging with light
microscopy and digital image processing to precisely match up
the mass spectrometry data with the cells, which preserved the
spatial relationships between the cells without requiring special
preparation (104). The spatial single nuclear metabolomics
(SEAM) method is a flexible platform combining high-spatial-
resolution imaging mass spectrometry and a set of
computational algorithms that can display multi-scale and
multi-color tissue tomography together with the identification
and clustering of single nuclei by their in situ metabolic
fingerprints. SEAM is able to explore the spatial metabolic
profile and tissue histology at the single-cell level, leading to a
deeper understanding of tissue metabolic organization (105).

Metabolic Modeling at the Single-Cell Level
Metabolic measurements at the single-cell level bring new
insights into cellular function, which can often not be captured
on other omics layers. However, single-cell metabolomics is
limited by insufficient scalability and sensitivity, and is not yet
widely available due to resource intensiveness. Metabolic
modeling represents an interesting alternative strategy to infer
latent cellular metabolism states from widely available
information about reaction networks and other single-cell
omics. Three main classes of modeling approaches used for
prediction of metabolism on the single-cell level have been
recently well reviewed, including pathway-level analysis,
constraint-based modeling, and kinetic models (106). scMetNet
constructs a metabolic network based on pathway repositories
and then identifies metabolic rewiring across different cell
populations (107). Single-cell flux estimation analysis (scFEA)
infers the cell-wise fluxome from single-cell RNA-sequencing
data by modeling the metabolic map with a graph neural
network (108).

While an array of approaches for modeling cellular metabolic
state have been proposed, a set of limitations restrict larger
applicability. As experimental, technical, and biological
reasons, intrinsic heterogeneity between different single-cell
omics places a barrier to single-cell metabolic modeling from
single-cell RNA-seq data. Single-cell proteomics measurements
provide a promising alternative as they are more informative for
prediction of enzyme activity. Modeling single-cell metabolism
depends on well-established metabolic network models, which
are basic to feasible metabolic conversions. Unpredictable
metabolite exchanges between different cells and between
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individual cells and the environment pose additional challenges
to modeling metabolism at the single-cell level. New metabolic
modeling paradigms based on advanced computational
approaches, such as deep learning, may enable efficient
modeling at the single-cell and multi-omics levels.

Single-Cell Multi-Omics
Single-cell multi-omics provides multiple biomolecular
profilings of phenotypically heterogeneous cells on different
biological layers. Multi-omics profiling of single-interacting
cells in the native TME is essential for deeper understanding of
the complex communication networks and the immune
landscape that exist within compromised tissues. Tian et al.
developed a new methodology called high-energy gas cluster
ion beam-secondary ion mass spectrometry (GCIB–SIMS),
which combined the chemical specificity of mass spectrometry
with imaging resolution approaching 1 micron, small enough to
image a single cell (109). GCIB–SIMS can comprehensively
identify lipidomic and metabolomic profiling in different cell
types, leading to new insights into the role of lipid
reprogramming and metabolic response in normal regulation
or pathogenic discoordination of cell-cell interactions in a variety
of tissue microenvironments. Xiong et al. created a single-
lysosome mass spectrometry (SLMS) platform that combined
lysosomal patch-clamp recording with induced nanoelectrospray
ionization mass spectrometry, which allowed the simultaneous
detection of the electrophysiological properties and metabolome
of the lysosome. These multimodal approaches open the door to
much richer investigations into the interactions between cancer
cells and immune cells, as well as cell–cell interactions in other
systems (110).
APPLICATION AND POTENTIAL OF
SINGLE-CELL METABOLOMICS IN
HEMATOPOIESIS AND HEMATOLOGICAL
MALIGNANCIES

Tumor Biology
Metabolic reprogramming is one of the hallmarks of malignant
tumors, which provides energy and material basis for tumor
proliferation, invasion, metastasis as well as immune escape.
Therefore, identifying the key metabolic factors that regulate cell
cancerous changes and immune responses has become a major
challenge. In recent years, single-cell metabolomics has emerged
as a breakthrough technique that enable to directly measure
metabolic states and defines unique cell types at unparalleled
high resolution. Patricia et al. used Met-Flow to simultaneously
measure divergent metabolic profiles and dynamic remodeling in
human peripheral blood mononuclear cells and discovered that
glucose restriction and metabolic remodeling drive the
expansion of an inflammatory central memory T cell subset
(101). Met-Flow is able to capture the complex metabolic state of
individual hematopoietic cells, which will lead to a greater
understanding of the role of metabolic reprogramming in
hematopoiesis and hematological malignancies.
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Cellular Heterogeneity
Compositional heterogeneity is an inherent property of cell
populations, presenting a major challenge in understanding the
function of specific cellular subpopulations. Blocking the energy
and material supply of tumor cells is one of the strategies for
tumor treatment, however, metabolic heterogeneity of tumor
cells hinders metabolic-based anti-tumor treatment. Metabolic
differences can provide additional information to accurately
identify cell state heterogeneity. To characterize cellular
heterogeneity and discern specific subpopulations, molecular
analysis at the single-cell level is necessary. Single-cell
metabolomics analysis has revealed tremendous heterogeneity,
conflicting with the classical view of hematopoiesis.

High-resolution mass spectrometry (HRMS) technology is an
attractive approach to ultrasensitively detect proteins, peptides,
and metabolites in limited amounts of samples, even single cells.
Using single-cell capillary electrophoresis HRMS, Nemes et al.
documented the differences in metabolite composition between
left and right dorsal-animal blastomeres from the eight-cell frog
embryo, indicating that metabolites trigger the differentiation of
the stem cells into organ-specific lineages, and metabolite
changes can alter cell fate (111). To extract trace-level signals
from metabolic datasets with low abundances, the Trace
framework was adopted, which incorporated machine learning
(ML) to automate feature selection and optimization (112).

Precise discrimination of leukocyte subsets is very helpful for
the clinical diagnosis of many diseases, especially for
hematological malignancies. In order to rapidly discriminate
various leukocyte subsets with specific functions, CyESI-MS
was proposed to reveal leukocyte heterogeneity at the single-
cell level. The single-cell metabolic fingerprints acquired by
CyESI-MS as well as metabolite biomarkers can be used to
distinguish different subtypes of leukemia cells from normal
leukocytes, reflecting the application potential in clinical
research (113).
Immunometabolism
Metabolic reprogramming is vital for immune cell differentiation,
function and fate (114, 115). The capacity of immune cells to
respond to changing environments by metabolic reprogramming is
crucial to their effector function. Single-cell metabolomics analysis
offers robust solutions for profiling metabolites in a high-
throughput manner and has substantially deepened our
understanding of metabolic networks in immune cells.
Cytometry by time of flight (CyTOF) platform uses metal-tagged
antibodies to estimate the metabolic configurations within single
cells and has largely expanded its capability in single-cell omics by
combining additional markers, such as acetylation marks,
metabolic signaling, and lineage markers. Levine et al. reported a
CyTOF-based approach to define the metabolic features of CD8+ T
cells in response to pathogen challenge at the single-cell level (116).
This approach identified a transition state during an earlier stage of
T-cell activation, characterized by high glycolytic and oxidative
activity. Interestingly, analogous metabolic dynamics were
observed in chimeric antigen receptor (CAR) T cells interrogated
longitudinally in advanced lymphoma patients (116).
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Therapeutic Resistance
During tumor therapy, some patients develop therapeutic
resistance, resulting in treatment failure and tumor recurrence.
Metabolic rewiring is an effective way to evade immune cell
antitumor activity, which is favored by cancer cells. Metabolic
competition between tumor and immune cells limits nutrient
availability and leads to microenvironmental acidosis in the
tumor ecosystem, which hinders immune cell antitumor
activity. By analyzing the genetic and metabolite information
of individual cells, we can distinguish genes and regulatory
pathways driving drug resistance development.

A wide multitude of research activities have been focused on
immune evasion and drug resistance to overcome therapeutic
resistance. Chen et al. utilized the single-probe mass spectrometry
technique to analyze live irinotecan-resistant (IRI) cells under
different treatment conditions, demonstrating a metformin-IRI
synergistic effect overcoming drug resistance (117). Inhibition of
fatty acid synthase (FASN) is a potential mechanism related to
metformin treatment of drug-resistant cancer cells, which results
in the downregulation of lipids and fatty acids. Liu et al. reported
an analytical approach that combines single-cell mass
spectrometry (SCMS)-based metabolomics with machine
learning (ML) models to monitor the degree of drug resistance
in early chemotherapeutic stage from single cells in their native
microenvironment (118). This method can be potentially
employed to evaluate chemotherapeutic efficacy in the clinic.

Drug Development and Discovery
In recent decades, single-cell metabolomics has demonstrated
enormous potential in many fields, including drug research and
development. Current data suggest distinctive metabolic
aberrations in hematological malignancies. Thus, molecular
hallmarks of cancer cell metabolism provide opportunities for
novel therapeutic interventions that will be complementary to
existing diagnostic and treatment options. Preclinical or clinical
trial studies using metabolic agents alone or in combination with
other remedies have demonstrated promising outcomes.
Numerous medications targeting cell metabolism are used in
the care of patients with hematological malignancies (Figure 2),
representing a promising endeavour in the search for effective
treatment of hematological diseases.

Single-cell metabolomics promises to characterize metabolic
reprogramming of cells in cancer, and shed light on metabolic
effects of drugs (119). The application of single-cell metabolomics
in drug discovery requires high throughput. Alexandrov et al.
explored the potential of the recently developed method SpaceM
for integration with high-content imaging and high-throughput
applications in drug discovery, and successfully scaled up SpaceM
to tens of samples (120).

Even though most of the findings on tumor metabolism
derive from metabolomics analysis at the bulk level, single-cell
metabolomics holds promise to further advance research on
hematopoiesis and hematological malignancies. Given the ease
of accessibility of liquid tumor biopsies in hematology,
embedding single-cell techniques in routine laboratory
diagnostics is feasible. Leveraging single-cell metabolomics to
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evaluate serial patient samples through diagnosis and the course
of therapy provides a powerful means to stratify disease, evaluate
tumor evolution, inform prognostication, and assist with
treatment decisions. From this perspective, we foresee that
single-cell metabolomics will boost the molecular diagnosis of
hematological diseases, and open a new door to personalized
medicine and the development of more effective therapies.
CHALLENGES AND PERSPECTIVES OF
SINGLE-CELL METABOLOMICS

Single-cell metabolomics is hitting its stride and is beginning to
be widely employed to profile cellular metabolism. As we have
shown in this review, single-cell metabolomics has many
applications and enormous potentials, however, several
limitations and challenges need to be further addressed. Firstly,
sample preparation is a foundation for taking an accurate and
complete snapshot of the metabolome. Due to rapid metabolic
changes, sample preparation can alter the metabolome from its
native state. Freeze-drying and chemical fixation are common
methods for quenching metabolism, which allow some
metabolites to diffuse away from the cell and eventually cause
the loss of biological information. Different strategies, such as
frozen hydration and capillary extraction, can be used to prepare
samples for single-cell metabolomics analysis. Frozen hydration
preserved the integrity and compartmentalization of the pristine
molecular constituents of cells, reflecting a near-natural state of
the metabolome (109). Capillary extraction efficiently separates
the sample molecules with less damage to biological specimens
than traditional dissection methods (111). Its resampling ability
enables the combination of metabolomics with other omics
techniques within the same cell, laying a foundation for
obtaining single-cell multimodal profiles.

Secondly, the magnitudes of metabolite abundances vary
wildly, emphasizing the need for single-cell metabolomics
(SCM) techniques with ultrahigh sensitivity. Thus, heightening
sensitivity is a common objective to maximize the chemical
information obtained in single-cell metabolomics. For MS-based
single-cell metabolomics, many efforts have been made to improve
metabolite extraction, ionization techniques, and proprietary
algorithms. A suitable extraction procedure is a prerequisite for
detecting and identifying metabolites, especially for a tiny quantity
of metabolites. Onjiko et al. employed capillary electrophoresis
coupled with single-cell high-resolution mass spectrometry (CE-
MS) to uncover small molecules (111). Then, Trace was used to
extract trace-level signals to enhance sensitivity for metabolomics
analysis (111). To achieve adequate sensitivity for metabolomics
analysis, Takayuki et al. developed a “nanoCESI” emitter that
allowed up to sub-nM detectability by establishing a reproducible
fabrication process (95). Compared with a conventional sheathless
emitter, the nanoCESI emitter improved the sensitivity by 3.5-fold,
and by coupling with large-volume dual preconcentration by
isotachophoresis and stacking (LDIS), further achieved up to
800-fold enhanced sensitivity. As new technologies and
algorithms for single-cell metabolomics continue to develop and
July 2022 | Volume 12 | Article 931393

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


Zuo et al. Single-Cell Metabolomics in Hematological Malignancies
improve, researchers will be able to catalog the chemical contents
of individual cells with high sensitivity.

The extreme complexity of the metabolome poses another
challenge for single-cell metabolomics (121). The mass, charge,
shape, and modification of metabolites must be considered in
metabolite identification. Unpredictable new products generated
by side reactions exacerbated this complexity. Another thorny
issue is how to distinguish various isomers of large biomolecules.
Definitively identifying and measuring the full and complete
chemical contents from the cell is tricky. Spatial single-cell
metabolomics allows hundreds of metabolites to be detected in
situ. It is important to accurately match up metabolome data with
the physical characteristics and neighborhood of the cell in the
native context. The complexity of this analysis is sure to create new
computational challenges. The integration of multidimensional
data from single-cell omics is computationally challenging because
of the intrinsic heterogeneity of these data (122). Fortunately, the
recent explosion in molecular biology techniques and
computational approaches makes it possible to overcome the
above problems. Artificial intelligence (AI)-based methods have
been successfully applied to several tasks of single-cell omics,
representing powerful and promising tools for biological discovery
(123). The power of single-cell metabolomics can be improved by
combining artificial intelligence-based algorithms. New
algorithms for metabolite identification and open-platforms will
allow neophytes and seasoned investigators alike to make sense of
the jumble peaks in the spectra, such as Trace (112) and
METASPACE (124).

Finally, with respect to clinical applications, the clinical
translation of single-cell metabolomics techniques is another
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key challenge in this field. Considering the complexity and
sensitivity of SCM, the results derived from SCM must be
interpreted with caution in clinical decisions. Additionally, the
high cost of single-cell metabolomics creates a barrier to its
widespread implementation in routine testing. With the advent
of increasingly faster and cheaper high-throughput technologies,
the integration of single-cell omics across modalities will expand
our horizons and deepen our understanding of the interactions
among the different biological layers. It is easy to imagine that
single-cell methodologies will be applied routinely in clinical
diagnostics, prognosis prediction as well as disease monitoring,
which will revolutionize the diagnosis and therapy of patients.
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Classical Hodgkin lymphoma (cHL) is the most common type of HL that occurs mainly in
people aged between 15–30 and over 55 years. Although its general prognosis is
favorable, 10%–30% of patients with cHL will ultimately develop relapsed or refractory
disease (r/r cHL). Improving the cure rate of r/r cHL has proven to be challenging. Some
novel agents, such as brentuximab vedotin and immune checkpoint inhibitors, which have
been used in conventional regimens for patients with r/r cHL in the past decade, have
been shown to have good curative effects. This paper reviews the conventional regimens
for patients with r/r cHL and focuses on the newest clinical trials and treatment measures
to prolong prognosis and reduce adverse events. The evaluation of prognosis plays a vital
role in analyzing the risk of relapse or disease progression; thus, finding new predictive
strategies may help treat patients with r/r cHL more efficaciously.

Keywords: novel agents, brentuximab vedotin, nivolumab, pembrolizumab, relapsed and refractory classical
hodgkin lymphoma
1 INTRODUCTION

Hodgkin lymphoma (HL) is a frequent hematological malignancy, with 8,830 new cases reported in
the United States in 2021 (1). Classical HL (cHL) is one of the most common types of HL and is
defined as a B lymphatic cell malignancy characterized by the presence of malignant Hodgkin and
Reed–Sternberg (HRS) cells in the tumor microenvironment (2). It occurs mainly in people aged
between 15–30 and over 55 years, with an incidence of approximately three newly diagnosed cases
per 100,000 individuals per year (3, 4). cHL is mainly divided into stages I–II and stages III–IV, the
former of which is further classified into three subgroups, namely, stages IA–IIA (favorable), stages
I–II (unfavorable with non-bulky disease), and stages I–II (unfavorable with bulky disease) (5).
Patients with different stages may have different therapeutic choices. However, the prognosis of
patients with HL is generally favorable, with approximately 80% of young adults cured of the disease
after receiving initial standard chemotherapeutic treatment (3). However, 10%–30% of patients
ultimately develop relapsed or refractory cHL (r/r cHL) disease (3). Patients with r/r cHL, especially
those aged 60 years or older, have a much poorer prognosis, with a reported 3-year progression-free
survival (PFS) rate of 50% and an overall survival (OS) rate of 68% (6). In addition, the toxic effects
of the therapeutic approach on the number of years lost from productive life are remarkable. The
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common adverse events of conventional chemotherapeutic
agents, such as peripheral neuropathy (7), also negatively affect
the prognosis. Therefore, finding novel agents and therapeutic
modalities is still of great significance in improving the overall
cure rates and prolonging PFS and OS in patients with r/r cHL.
Herein, we introduce the current chemotherapies used in clinical
practice and novel treatments that show improved prognosis in
the latest clinical trials to provide a more comprehensive
understanding of r/r cHL treatment and promising directions
for future research in this field.
2 CURRENT STANDARD TREATMENT OF
R/R CHL

2.1 Treatment for adult patients aged
18–60 years
Combined modality therapy (chemotherapy and radiotherapy)
remains a top priority for patients with newly diagnosed cHL. For
stage I–II patients aged 18–60, two cycles of ABVD (doxorubicin,
bleomycin, vinblastine, and dacarbazine) followed by positron
emission tomography/computed tomography (PET/CT)
evaluation are routinely used as the primary treatment. Further
decisions regarding combined therapy are based on lymphoma
remission status assessed by PET/CT. The escalated BEACOPP
(bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine,
procarbazine, and prednisone in escalated doses) regimen is also
widely used in early-stage young adults as an additional therapy. For
stage III–IV patients, apart from the ABVD regimen, escalated
BEACOPP or brentuximab vedotin (BV) combined with AVD
(doxorubicin, vinblastine, and dacarbazine) is recommended as the
primary treatment in certain cases (8). However, the prognosis is
significantly poorer for a small proportion of patients whomay have
a limited response to first-line therapy or relapse. Therefore, salvage
treatment, high-dose therapy, and autologous stem cell
transplantation (HDT-ASCT) play a key role in prolonging PFS
and OS.

Patients with r/r cHL are recommended to be treated with
salvage regimens, which mainly include dexamethasone, cisplatin,
high-dose cytarabine (DHAP); etoposide, methylprednisolone,
high-dose cytarabine, cisplatin (ESHAP); ifosfamide,
carboplatin, etoposide (ICE); gemcitabine, vinorelbine,
liposomal doxorubicin (GVD); BV; and a combination of
Frontiers in Oncology | www.frontiersin.org 2109
bendamustine and nivolumab (5). A brief summary of the
newly reported clinical trials on salvage systemic therapies is
listed in Table 1. If PET/CT re-evaluation indicates a complete
response (CR) or partial response (PR), additional therapy with
HDT-ASCT would be feasible and effective if not contraindicated.
Radiation should also be considered for selected sites that have
not previously been irradiated. Response to salvage treatment is
an important predictor of prognosis in patients with r/r cHL since
individuals achieving metabolic CR after salvage treatment have a
higher chance of being cured (9). In contrast, patients who
experience disease progression after salvage treatment may
benefit from further systemic therapy with or without radiation,
and if they respond, autologous or allogeneic hematopoietic stem
cell transplantation (HSCT) is also favorable. However, half of the
patients who undergo HSCT cannot be cured, and their prognosis
is poor (10). Therefore, maintenance therapy, such as BV and
other novel modalities, is vital for patients at a high risk of relapse.
For those who underwent multiple-line therapy and still suffered
from disease relapse, regimens such as chimeric antigen receptor
(CAR) T-cell therapy (11) may offer sustained relief.

2.2 Treatment for older patients
cHL in patients over 60 years of age is highly linked to poorer
prognosis since these patients generally suffer from inferior
efficacy but great toxicity, owing to comorbidity and geriatric
fitness (12). The management of older patients should be
individualized and usually requires clinical judgment. Indeed,
choosing agents with mild toxicities and at suitable doses
remains challenging when aiming to improve the OS and PFS
of this group of patients (5). ACCRU, as a multicenter phase II
trial, reported the combination of BV and nivolumab as first-line
therapy in older patients, and 22 out of 46 (48%) individuals
achieved complete response, although grade 3–5 adverse events
occurred in 80% of the patients (13). However, for older patients
with r/r cHL, no consensus has been reached regarding the
suggested treatment regimens.

2.3 Treatment for pediatric patients
Regimen options for pediatric cHL patients are distinct from those
for adult patients, and the treatment of pediatric patients is highly
based on risk stratification (14, 15). OEPA (vincristine, etoposide,
prednisone, and doxorubicin), AVPC (doxorubicin, vincristine,
prednisone, and cyclophosphamide), and ABVE-PC (doxorubicin,
bleomycin, vincristine, etoposide, cyclophosphamide, and
TABLE 1 | Newly reported clinical trials of salvage treatment of r/r cHL.

Agents Patients No. of patients CR (%) ORR (%) Severe toxicity rate (%) NCT number

V Relapsed or ineligible post-ASCT 153 24 54.2 11 NCT02684292
BV + bendamustine Refractory or relapsed after multiple-line chemotherapy 37 43 78 14 (lung infections)

25 (neutropenia)
NCT01657331

BV + nivolumab Refractory or relapsed after first-line chemotherapy 93 67 85 18 (immune-related) NCT02572167
BV + ESHAP Refractory or relapsed after first-line chemotherapy 66 70 91 33 –

BV + ICE Refractory or relapsed after first-line chemotherapy 45 74 91 29 NCT02227199
Pembrolizumab Relapsed or ineligible post-ASCT 210 27.6 71.9 12.0 NCT02453594
Pembrolizumab Relapsed or ineligible post-ASCT 151 25 65.6 16 NCT02684292
Pembrolizumab + GVD Refractory or relapsed after first-line chemotherapy 39 95 100 31 NCT03618550
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prednisone) regimens are conventionally used in underage
patients as first-line systemic therapy (16) but are rarely used in
adult patients. In contrast, for adolescents with suspected r/r cHL,
available clinical trials are favored if the biopsy site is positive.
Otherwise, re-induction therapy is required to avoid relapse or
prolong PFS. HDT-ASCT, radiotherapy, andmaintenance therapy
are optional based on the metabolic condition of patients.
Subsequent therapy was considered when relapse occurred after
maintenance treatment. Re-induction and subsequent therapy are
similar to those in adults, such as DHAP, IGEV (ifosfamide,
gemcitabine, vinorelbine), ICE, nivolumab (17), BV (18), and
the combination of BV with bendamustine, gemcitabine,
or nivolumab.
3 LATEST UPDATES OF TARGETED
AGENTS FOR R/R CHL

3.1 BV
BV is a CD30-directed antibody–drug conjugate (ADC) that
links an antineoplastic agent, monomethyl auristatin E (MMAE),
to a monoclonal antibody that can direct MMAE to CD30-
positive lymphoma cells (19). BV was initially approved for
patients who failed ASCT or at least two prior lines of
chemotherapy by the US Food and Drug Administration
(FDA) in 2011, based on its great drug efficacy in a phase II
clinical trial, with an overall response rate (ORR) of 75% (20). BV
is now commonly used as salvage or post-ASCT maintenance
therapy for patients with r/r cHL, but it has also been proven to
be effective and recommended in patients with stage III/IV cHL
as first-line therapy when combined with the AVD modality (8).
Notably, severe adverse events of BV are negligible due to a high
incidence rate of 32%, among which the most common and
severe one is neutropenia (21). The latest update of the
ECHELON-1 study illustrated that the BV plus AVD regimen
could significantly improve the 5-year PFS compared to the
standard ABVD regimen for the first-line treatment of patients
with stage III/IV cHL (82.2% vs. 75.3%, p = 0.0017) (22). Another
phase II trial further investigated the outcomes of BV-AVD
treatment in patients with non-bulky stage I/II cHL, concluding
a favorable PFS (94%) and OS (97%) during a median follow-up
of 38 months (23).

For salvage treatment, BV monotherapy administered prior
to ASCT in the treatment of r/r cHL yielded a CR rate (CRR) of
24%–35% (24, 25), which is not a favorable outcome, probably
due to BV chemoresistance (26). In contrast, BV combined
therapy has been intensively studied and demonstrated to
markedly improve CR (25, 27, 28). Clinical trials of BV
combined with conventional salvage chemotherapy have been
widely performed over the last decade, including the
combination of BV with ICE, DHAP, and ESHAP. The
concurrent treatment with BV and ICE produced a high CRR
of 74% and improved post-HSCT outcomes (29). Bendamustine
is a purine analog with antitumor activity by damaging DNA and
inducing cell apoptosis and has been approved for the treatment
of chronic lymphocytic leukemia and non-HL. The combination
Frontiers in Oncology | www.frontiersin.org 3110
of BV and bendamustine (BVB) as salvage therapy has shown a
high CRR of 73.6% (30). BVB therapy has been widely
researched in developed countries and has displayed
impressive outcomes as a second-line treatment, with a CR of
over 70% (30). In comparison, the CR of BVB combined therapy
in a middle-income setting in India was lower at 62% (31). BVB
is also highly active in patients with prior BV exposure since the
PFS duration was similar to that of patients that had not received
BV before (32). Another retrospective analysis indicated that
BVB salvage therapy is highly effective in children and young
adults under 30, with a high CR of 79% (33). A phase II
transplant BRaVE trial recruited 55 patients with r/r cHL and
administered BV-DHAP combined therapy as the first salvage
treatment. CR was achieved in 81% of the patients before HDT-
ASCT (34), which is a high rate compared to BV in combination
with bendamustine (73.6%) (30) and ICE (74%) (29).

For maintenance therapy, the phase 3 AETHERA trial
demonstrated the efficacy of BV in patients with a high risk of
relapse after auto-HSCT treatment. The 5-year PFS was 59% in
BV-treated patients compared with 41% in the placebo group
[hazard ratio (HR), 0.521; 95% CI, 0.379–0.717] (35).
Maintenance therapy with BV is comparatively safe, and 90%
of the patients are diagnosed with peripheral neuropathy, which
is the most common adverse event of BV (35, 36). The
AETHERA trial showed that BV is an effective post-ASCT
maintenance agent. However, since the AETHERA trial
excluded individuals who had previously received BV, the
efficacy of BV in this group remains unclear. A recent
multicenter retrospective study of 105 cases, including both
BV-naive and BV-exposed patients, reported 3‐year PFS and
OS rates of 54% and 71%, respectively, for BV-naive patients and
77% and 96%, respectively, for BV-exposed patients (37).

3.2 Immune checkpoint inhibitors
Immune checkpoint inhibitors (ICIs) have been widely used to
treat hematologic malignancies, including cHL. Anti-PD-1
agents have been widely used to treat cHL. Tumor cells
expressing PD-L1 and PD-L2 can escape the immune
surveillance of mature cytotoxic T cells via the PD-1 pathway,
which is one of the most critical mechanisms that leads to cHL.
9p24 Genomic amplification of this.1, which may cause
overexpression of PD-1, PD-L1, and PD-L2 in malignant HRS
cells, is prevalent in this disease (38). PD-L1 blockers can restore
immunoactivity in the tumor microenvironment (TME) and
suppress the viability of HRS cells that express PD-1, PD-L1,
and PD-L2. Nivolumab and pembrolizumab, which are both
fully human IgG4 monoclonal PD-1 antibodies, were approved
by the FDA in 2016 and 2017, respectively, as treatment options
for patients with r/r cHL. The safety and efficacy of these two
agents are not yet weighted, but healthcare insurance data
suggest that the pembrolizumab cohort had a lower
hospitalization rate than the nivolumab cohort (39). To date,
finding novel and highly effective anti-PD-1 agents remains a
major challenge worldwide. In China, several anti-PD-1 agents
have been approved by the National Medical Products
Administration for use in the treatment of r/r cHL from 2018
to 2022, including sintilimab (40, 41), tislelizumab (42, 43),
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camrelizumab (44–50), penpulimab (51), and zimberelimab (52).
A summary of these agents is provided in Table 2.

The side effects of ICIs are non-specific, including infection,
inflammation, pyrexia, digestive symptoms, etc. Notably, the side
effect of nivolumab is statistically higher than that of
pembrolizumab, and neutropenia is the most common side
effect of nivolumab (53).

3.2.1 Nivolumab
Nivolumab was the first ICI approved by the FDA to treat
patients with r/r cHL. CheckMate 205 showed a durable
response to nivolumab monotherapy in r/r cHL in 2018 (54),
and the latest real-life experience in Turkey is consistent with this
result in heavily pretreated r/r cHL (55). Analysis of cohort D of
CheckMate 205 suggested that nivolumab combined with the
AVD regimen (N-AVD) significantly increased ORR and CRR.
The ORR and CRR at the end of nivolumab monotherapy were
69% and 18%, respectively, whereas, after two combination
cycles of N-AVD, the figures increased to 90% and 51%,
respectively (53). The randomized phase II NIVAHL trial
explored the efficacy of N-AVD in an earlier stage of cHL as
first-line therapy, which also resulted in an attractively high
CR (56).

Nivolumab combined with BV has shown great outcomes as a
second-line regimen, reporting an ORR of 82% and CR of 61% in
r/r cHL (57). Another phase I study explored BV combined with
nivolumab, nivolumab, and ipilimumab and found a similar
ORR of 76% and CRR of 57% in the BV-nivolumab group and a
high ORR of 82% and CRR of 73% in the triplet group (58). The
next phase II study will compare these two modalities as a bridge
to HCST (58). A comparison of the efficacy of nivolumab
monotherapy and nivolumab in combination with ICE (NICE)
multiagent therapy was conducted in a phase II trial
(NCT03016871). Of the 42 evaluable patients, 34 received
monotherapy, and nine received NICE therapy. The ORR and
CRR in the NICE group were noticeably higher than those in the
single-agent group (ORR 81% versus 93%; CRR 71% versus 91%)
(59), although the number of samples was limited.

The ORR of anti-PD-1 agents was initially high. However,
long-term treatment with nivolumab may decrease the drug
efficacy and lead to chemoresistance. Nivolumab as salvage
treatment without ASCT consolidation displayed a markedly
Frontiers in Oncology | www.frontiersin.org 4111
higher relapse rate than those with ASCT consolidation (62.2%
versus 0%), based on a retrospective analysis (60).

3.2.2 Pembrolizumab
Pembrolizumab is another commonly used anti-PD-1 antibody
approved by the FDA that has shown great PFS improvement
(61–63). The phase III clinical trial of the KEYNOTE-204 study
reported pembrolizumab as a preferred agent compared to BV in
treating r/r cHL individuals who were ineligible for ASCT or had
relapsed after ASCT. The median PFS reached 13.2 months for
pembrolizumab versus 8.3 months for BV (p = 0.0027), although
the ORR and CR did not show statistical significance ([65.6%
(57.4–73.1) versus 54.2% (46.0–62.3) and 25% versus 24%,
respectively) (64). Furthermore, pembrolizumab can improve
health-related quality of life compared to BV in patients with r/r
cHL (65). The duration of pembrolizumab response was
observed when BV monotherapy was ineffective in the
KEYNOTE-013 study (NCT01953692), and it was found that
some patients may benefit from long-term pembrolizumab
treatment since the duration of response was not reached in a
4-year follow-up (66).

Despite the remarkable efficacy of pembrolizumab as
monotherapy, combinations of pembrolizumab and other
agents are more widely suggested. A phase II study reported
that pembrolizumab followed by AVD as first-line therapy was
effective and well-tolerated in untreated patients with advanced
stage cHL. Similarly, for r/r cHL patients, pembrolizumab also
showed some favorable outcomes (67). A retrospective analysis
reported a pembrolizumab-BV regimen in 10 patients with
multirefractory cHL, and the final CR reached 80%. Seven out
of 10 proceeded to ASCT directly, although the number of
patients was limited, and further studies on two-drug therapy
are of great significance (68). GVD, another commonly used
salvage regimen of r/r cHL with a CRR of less than 50% (69),
combined with pembrolizumab (pembro-GVD), was studied in a
phase II clinical trial (NCT03618550) to evaluate its efficacy and
safety. After two to four cycles of the pembro-GVD regimen,
95% of the patients achieved CR. Moreover, 36 out of 38 patients
underwent HDT-ASCT, and no relapses were observed during a
median follow-up of 13.5 months (70). AFM13, a CD30/CD16A-
bispecific antibody that can stimulate innate immune cells,
combined with pembrolizumab, has been reported to display
TABLE 2 | Anti-PD-1 antibodies approved by the National Medical Products Administration in China for r/r cHL.

Anti-PD-1
agent

Approved
year

Patients No. of
patients

CRR
(%)

ORR
(%)

Severe toxicity
(%)

NCT number

Sintilimab 2018 Relapsed or refractory after two or more lines of
therapy

96 34 80·4 18 NCT03114683

Tislelizumab 2019 Failed or were ineligible for ASCT 70 67.1 87.1 31.4 NCT03209973
Camrelizumab 2019 Had prior ASCT or at least two lines of prior

chemotherapy
75 28.0 76.0 26.7 NCT03155425

Enpulimab 2021 Had prior ASCT or at least two lines of prior
chemotherapy

94 47.1 89.4 4.3 NCT03722147

Zimberelimab 2022 Relapsed or refractory after two or more lines of
therapy

85 32.9 90.6 22.4 NCT03655483
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good tolerance and an ORR of 88% in patients with r/r cHL (71);
however, further investigation is needed.

3.2.3 Sintilimab
Sintilimab is a highly selective PD-1 blocker that revealed anORR of
80.4% in heavily pretreated cHL patients from 18 hospitals in China
in a single-arm phase II trial (NCT03114683) (41). A new case was
reported in which one cHL-HIV patient, who failed ABVD and
GDP chemotherapeutic regimens, showed CR after receiving
sintilimab for nine cycles, with acceptable adverse events (40).

3.2.4 Tislelizumab
Tislelizumab is a humanized IgG4 monoclonal antibody that
binds PD-1 with high affinity. A phase II trial in China evaluated
the efficacy and safety of r/r cHL in patients who failed or were
ineligible for ASCT, reporting an ORR of 87.1% and CR of 62.9%
after a median of 9.8 months of follow-up (43). The latest update
revealed that the PFS and OS rates were 40.8% and 84.8%,
respectively, after a 3-year follow-up.

3.2.5 Camrelizumab
Camrelizumab is an anti-PD-1 agent that has shown good
efficacy against various advanced malignancies (44). It achieved
a high rate of objective response (76.0%; 95% CI, 64.7–85.1) in
cHL patients failing or ineligible for ASCT (45), and the median
PFS was 22.5 months and the 36-month OS was 82.7%,
according to the latest updates (46). However, some patients
still have progressive disease or relapse after receiving anti-PD-1
agents, probably due to the overexpression of PD-1 in T cells in
the microenvironment or upregulation of PD-L1 in HRS cells
(47). Decitabine is a DNA methyltransferase inhibitor with the
potential to reduce camrelizumab resistance (50). Therapy with
camrelizumab plus decitabine markedly improved the CRR
Frontiers in Oncology | www.frontiersin.org 5112
(71%) in patients with r/r cHL compared with camrelizumab
monotherapy (32%) (48), and after a median follow-up of 34.5
months, the complete remission rate reached 79% with dual
therapy (49). Further study of this combined therapy was
conducted in two phase II trials (NCT02961101 and
NCT03250962) in r/r cHL patients with PD-1 resistance, and
the ORRs in two separate cohorts were 52% and 68%,
respectively, with a longer PFS compared to PD-1
monotherapy (50). This suggests a high synergistic antitumor
activity and long-term benefit of the camrelizumab plus
decitabine combination. However, grade 3–4 adverse events of
leukocytopenia occur more frequently with this combined
therapy than with camrelizumab monotherapy.
4 NOVEL THERAPEUTIC MEASURES TO
TREAT R/R CHL

Clinical Trials of potential effective novel agents in the treatment
of r/r cHL under recruiting are summarized in Table 3. Although
conventional therapeutic regimens, BV, and ICIs have greatly
improved the prognosis, heavily chemoresistant patients still
have a limited choice of effective drugs. Moreover, the high
rate of adverse events among the aforementioned regimens
remains a major obstacle, especially in adolescents and older
patients. Therefore, novel agents that prolong PFS and OS and
reduce adverse events are of great significance.

4.1 Radioimmunotherapy
Since BV and ICIs are increasingly used in either the first-line
or second-line treatment of cHL, the efficacy of these drugs may
not be as effective as post-HCST maintenance therapy.
TABLE 3 | Clinical trials of novel agents in the treatment of r/r cHL under recruiting.

Agents Function Intervention Phase NCT number

AZD7789 Anti-PD-1 and anti-TIM-3 antibody Drug: AZD7789 Phase 1/2 NCT05216835
THOR-707 Non-a-selective IL-2 Drug: THOR-707

Drug: pembrolizumab
Phase 2 NCT05179603

Azacitidine Cytosine nucleoside analogs Biological: nivolumab
Drug: oral azacitidine

Phase 1 NCT05162976

Ipilimumab Anti-CTLA-4 monoclonal antibody Drug: brentuximab vedotin
Biological: ipilimumab
Biological: nivolumab

Phase 1/2 NCT01896999

AZD4573 Cyclin-dependent kinase 9 inhibitor Drug: AZD4573 Phase 2 NCT05140382
Ruxolitinib JAK1/2 inhibitor Drug: ruxolitinib

Drug: nivolumab
Phase 1/2 NCT03681561

Decitabine 2-Deoxycytidine analogs Drug: camrelizumab and decitabine Phase 2/3 NCT04510610
Chidamide Histone deacetylase inhibitor Drug: chidamide

Drug: camrelizumab
Drug: decitabine

Phase 2 NCT04233294

TQB2450 Anti-PD-1 antibody Drug: TQB2450 Phase 2 NCT03800706
CD30.CAR-EBVST cells CD30.CAR in EBV-specific T cells Biological: CD30.CAR-EBVST cells Phase 1 NCT04288726
HSP-CAR30 Anti-CD30 CAR-T cells Biological: HSP-CAR30 Phase 1/2 NCT04288726
AFM13 Anti-CD30/CD16A monoclonal antibody Biological: AFM13

Drug: cyclophosphamide
Drug: fludarabine
Drug: fludarabine phosphate
Biological: genetically engineered lymphocyte therapy

Phase 1 NCT04074746
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Radioimmunotherapy is a novel targeted approach that may
reduce the risk of relapse after HSCT in patients with
radiosensitivity. 90Y-basiliximab/DOTA is a specially designed
agent that conjugates basiliximab (anti-CD25 antibody) and
1,4,7,10-tetraazacyclododecane tetraacetic acid (DOTA) and
radiolabels 90Y for therapeutic dosing. 90Y-basiliximab/DOTA
was administered in combination with the BEAM regimen
(carmustine, etoposide, cytarabine, and melphalan) as
maintenance therapy, and the estimated 5-year PFS and OS
rates were 68% and 95%, respectively (72). Further evaluation of
this approach is ongoing in phase II trials.

4.2 Novel ADCs
ADC is a group of agents that connect small molecule bioactive
drugs to monoclonal antibodies; hence, the antibodies can
transport bioactive drugs to target cells directly. Because of the
huge success of BV as an ADC in the treatment of cHL, novel
ADCs against other key receptors are being investigated in both
preclinical and clinical studies (73).

CD25 is a receptor of interleukin-2 (IL-2) that is
abundantly distributed on the surface of both hematological
tumor cells and Treg cells. Camidanlumab tesirine is a
novel agent that conjugates anti-CD25 antibody to a
pyrrolobenzodiazepine dimer and causes cell death by
damaging the DNA structure. A phase I study assessed the
efficacy of camidanlumab tesirine in patients with r/r cHL who
had no available therapies. The median duration of response
was 7.2 months, and the ORR was 71% (74, 75). A later phase
II study demonstrated that 18 (38.3%) and 20 (42.6%) of 47
heavily treated patients attained CR and PR, respectively (76),
showing that camidanlumab tesirine is a promising ADC
agent next to BV.

CD123 is an alpha subunit of the interleukin 3 receptor
(IL3RA) that is enriched in acute myeloid leukemia and cHL
cells. IL3RA-directed ADC, such as BAY-943, seems to be
effective in suppressing cHL development. BAY-943 has
demonstrated noticeable antiproliferative efficacy in HL cell
lines and xenograft models (77), and further clinical trials of
BAY-943 are warranted.

4.3 Anti-CD30 CAR-T-cell therapy
CAR-T-cell immunotherapy has been increasingly studied in a
wide range of cancers. Engineered T cells express CARs on the
cell surface so that they can recognize and eliminate cells
expressing specific target antigens. CAR-T therapy targeting
the CD30 antigen (CD30.CAR-T) can be effective in
hematological malignancies, including cHL (78). Adoptive
transfer of CD30.CAR-T preceded by fludarabine-based
lymphodepletion chemotherapy was performed in 41 heavily
pre t r ea ted pa t i en t s w i th r / r cHL who deve loped
chemoresistance to the aforementioned agents, including BV
and IPIs, with an ORR of 72%, CR of 59%, 1-year PFS of 36%,
and OS of 94% (11). Although individuals that achieve CR after
CD30.CAR-T could experience relapse again, possibly due to
insufficient persistence of CAR-Ts, the combination of
CD30.CAR-Ts and ICIs may improve their PFS, and further
clinical trials are needed (11).
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4.4 Potential effective chemotherapeutic
agents and targeted agents
New combination regimens of standard chemotherapeutic agents
have also been tested in an attempt to expand the range of options
and achieve a higher prognosis. For example, gemcitabine and
bendamustine are used in different conventional regimens, while
their concurrent combination was first reported in a phase I/II study
as late-line therapy for heavily pretreated patients, showing a well-
tolerated and effective result (ORR 69%; CRR 46%) but a potentially
high pulmonary toxicity risk (79).

Novel chemotherapeutic agents are also being researched in both
preclinical and clinical studies. Lenalidomide is an
immunomodulatory drug used to treat myelodysplastic syndrome,
and a low dose displays some activity in patients with r/r cHL who
fail or are ineligible for ASCT, with 64% of the patients remaining
stable and 11% achieving a PR. However, it is not suggested for
post-ASCT treatment (80, 81). A phase I/II clinical trial combined
lenalidomide with the mTOR inhibitor temsirolimus in patients
with r/r cHL and reported an ORR of 80% and a CR of 35% (82),
which is encouraging. Trabectedin is a tetrahydroisoquinoline
alkaloid with antitumor activity targeting both TME and HRS
cells in cHL. Preclinical studies have demonstrated that
trabectedin induces DNA skeleton cleavage and cancer cell
necrosis by binding to the DNA structure and blocking the
transcription level of stress-induced proteins. It also reduced HRS
cell secretion of important factors and reduced immunosuppressive
immunocytes in the TME, indicating that trabectedin can be a
rational candidate in patients with r/r cHL (83). Furthermore, the
combination of trabectedin and the CCR5 antagonist maraviroc
enhanced DNA damage and antitumor activity (84).
5 CONCLUSION

cHL is a generally curable disease that occurs mainly in those aged
15–30 and over 55 years (3). However, a small group of patients are
refractory to treatment or suffer a relapse after receiving primary
systemic therapy and HDT-ASCT. The prognosis for these patients
is notably poor. In this review, we briefly summarized the current
treatment principles and conventional regimens and provided an
update on the latest clinical trials of leading cHL agents (BV and
ICIs) and novel potential drugs that may be used in the near future.
In addition, prognosis evaluation plays a vital role in directing the
next treatment strategy and analyzing the risk of relapse or disease
progression. The International Prognostic Score (IPS) is composed
of seven potential risk factors [albumin < 4 g/dl, hemoglobin < 10.5
g/dl, male, age ≥ 45 years, stage IV disease, leukocytosis, and
lymphocytopenia (5)] and is intensively applied for risk
classification. PET/CT is currently the most effective method to
assess treatment efficacy and predict individual prognosis. The
Deauville criteria is the most commonly used scale to evaluate the
degree of lymphoma remission. However, when comparing
different clinical trials, ORR and CRR may be based on different
criteria, among which the Lugano 2014 classification and 2007
revised response criteria are frequently used. Although the
guidelines for adult patients with cHL are mature, the treatment
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of certain groups of patients (including pediatric, older, and HIV-
related individuals) (85) remains controversial. Further studies
should focus on these population groups.
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The promising results of immunotherapy in tumors have changed the current

treatment modality for cancer. However, the remarkable responses are limited

to a minority of patients, which is due to immune suppression in the tumor

microenvironment (TME). These include the pre-exists of suppressive immune

cells, physical barriers to immune infiltration, antigen and antigen presentation

deficiency, and expression of inhibitory immune checkpoint molecules.

Recently, increasing evidence reveal that tumor metabolism, especially

abnormal glucose metabolism of tumors, plays an essential role in tumor

immune escape and is a potential target to combine with immunotherapy.

By glucose uptake, tumor cells alter their metabolism to facilitate unregulated

cellular proliferation and survival and regulate the expression of inhibitory

immune checkpoint molecules. Meanwhile, glucose metabolism also

regulates the activation, differentiation, and functions of immunocytes. In

addition, tumor mainly utilizes glycolysis for energy generation and cellular

proliferation, which cause the TME to deplete nutrients for infiltrating immune

cells such as T cells and produce immunosuppressive metabolites. Thus,

therapeutics that target glucose metabolism, such as inhibiting glycolytic

activity, alleviating hypoxia, and targeting lactate, have shown promise as

combination therapies for different types of cancer. In this review, we

summarized the functions of glucose metabolism in the tumor cells, immune

cells, and tumor microenvironment, as well as strategies to target glucose

metabolism in combination with immune checkpoint blockade for

tumor therapy.

KEYWORDS

glucose metabolism, tumor microenvironment, aerobic glycolysis, immune
checkpoint inhibitors, immunotherapy
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Introduction

During the past decade, multiple immunotherapies, such as

immune checkpoint blockade, adoptive cell therapy, and cancer

vaccines, have revolutionized the treatment of cancer (1–3).

Notably, immune checkpoint inhibitors (ICIs) that restore the

antitumor immune response of T-cells by blocking the ligation of

coinhibitory signaling molecules (PD-1/PD-L1, CTLA4/B7) have

become one of the most promising immunotherapies (4). Indeed,

remarkable efficacy of ICIs has been shown in patients with several

types of cancer (5, 6). However, most patients with cancer remain

unresponsive to immunotherapy due to the tumor adopting

multiple mechanisms to weaken the antitumor immune response.

On one hand, tumor cells dampen immune responses through

intrinsic mechanisms, such as loss of antigen presentation or

expression of immunosuppressive molecules. On the other hand,

the tumor microenvironment (TME), such as stromal barriers,

hypoxia, insufficient vascularization, nutrient deficiencies, and

metabolic disorders, also facilitates immunosuppression and limits

anticancer immune responses.

Recently, the role of glucose metabolism in immune

microenvironment has gained increased attention. Growing

evidence reveals that glucose metabolism is able to aid tumor

escape from immune surveillance and impede immunotherapy.

Elevated glucose metabolism in tumor cells facilitates

unregulated cellular proliferation and regulates the expression

of inhibitory immune checkpoint molecules, such as PD-L1 (7).

Meanwhile, glucose metabolism also regulates the activation and

differentiation of immunocytes. It was reported that glycolysis

could promote the function of T-cells and enhance the secretion

of IFN-g (8). Tumor-associated macrophage enhances glucose

uptake and promotes differentiation of M1 macrophage, which

increases the expression of pro-inflammatory cytokines and

promotes tumor progression (9). Additionally, abnormal

glucose metabolism also promotes the formation of the

immunosuppressive microenvironment. Tumors mainly utilize

glycolysis for energy generation, which causes depletion of

nutrients for infiltrating immune cells and production of

immunosuppressive metabolites (8, 10). Moreover, high

glucose metabolism transforms TME into acidic and hypoxic

phenotypes, which dampen the cytotoxicity activity of T-cells

(11–13). Indeed, targeting tumor cell glycolysis not only inhibits

tumor cell growth, but also preserves the antitumor T-cell

function (14).

In conclusion, aberrant glucose metabolism in tumors may lead

to immune cell dysfunction, which may account for the failure of

immunotherapy. An in-depth understanding of tumor

immunometabolism may contribute to discovering novel promising

approaches to boost T-cells activity. Here, we reviewed the

characteristics of glucose metabolism in tumor microenvironment,

discussed the regulatory role of glucose metabolism in antitumor

immune response, and summarized the potential therapeutic
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cancer immunotherapy, especially ICIs.
Characteristics of glucose
metabolism in the tumor
microenvironment

Highly proliferative cancer cells uptake large amounts of

glucose for energy generation in the TME. Likewise, the

differentiation and activation of immunocytes in the TME also

rely on glucose metabolism, thus creating a competition for

glucose between cancer and immune cells (15). The intensive

glycolysis of tumor cells impedes T-cell access to glucose,

thereby impairing their appropriate proliferation and function

(16). Dysregulation of glucose metabolism in the TME can affect

the biological activity of tumor cells and also regulate the effector

functions of immune cells. Therefore, a better understanding the

changes of glucose metabolism in the TME and their impacts on

antitumor immune response may help uncover potential

metabolic targets to inhibit tumor growth and enhance the

efficacy of immunotherapy.
Glucose metabolism of tumor cells

Notably, the level of glycolysis is increased in tumors despite

sufficient oxygen levels. This phenomenon of metabolic

reprogramming, also known as the Warburg effect, is considered

a crucial feature of cancer metabolism (17, 18). Although oxidative

phosphorylation (OXPHOS) is a more efficient pathway for ATP

generation, tumor cells have a lower rate of OXPHOS (18).

Apparently, glycolysis is an important metabolic pathway for

highly proliferative cancer cells, which can supply essential

metabolic intermediates to synthesize biomolecules, such as

nucleotides, lipids, and amino acids (19). The programs of

glucose metabolism of tumor cells consume lots of glucose, then

convert glucose into pyruvate and generate ATP. Further metabolic

reactions of pyruvate release lactate into the TME. Activation of

PI3K/AKT signaling in tumor cells increases glucose transporters

(GLUTs) at the plasma membrane and promotes glucose uptake.

AKT has also been found to activate the glycolytic enzymes (20).

Upregulation of glycolytic metabolism in tumors results in glucose

depletion, hypoxia, and lactate accumulation in the TME. In return,

hypoxia further promotes glycolysis in tumor cells by stabilizing

hypoxia-inducible factor-1a (HIF-1a), which induces the

transcription of glycolytic enzymes (21). The high levels of lactate

result in acidic conditions that promote tumor progression and

metastasis (22, 23). However, glucose depletion and hypoxia impose

metabolic stress on T-cells and impair the cytolytic activity (16). In

addition, lactate has diverse effects on immune cells, including

polarizing macrophages towards the anti-inflammatory M2 type,
frontiersin.org
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supporting regulatory T-cells or suppressive myeloid populations,

and interfering with dendritic cell (DC) maturation (24, 25).

Collectively, these findings indicate that glycolytic activity not

only provides advantages to cancer cells to grow under hypoxia

and glucose deprivation conditions but also creates an

immunosuppressive microenvironment to regulate surrounding

cells that contributes to tumor immune evasion. Therefore,

targeting glucose metabolism to improve the TME is a rational

and promising strategy for anticancer therapy.
Glucose metabolism of immune cells
in tumor

Importantly, metabolic reprogramming also occurs within

immune cells (26). T-cells are critical executors in tumor cell

killing. The reprogramming of glucose metabolism is involved in

the differentiation and activation of T-cells. Briefly, naïveCD4+ and

CD8+ T-cells have minimal metabolic activity and engage in

OXPHOS to generate energy. Upon activation, the activated T-

cells are accompanied by metabolic changes that increase glucose

uptake and upregulate glycolysis to support their growth and

function (27). The glucose metabolism of activated T-cells is

regulated by several signaling pathways, including the PI3K/

AKT/mTOR and AMPK pathways (28, 29). The PI3K/AKT/

mTOR pathway senses nutrient availability and promotes glucose

uptake and glycolysis (30), whereas AMPK induces a metabolic

switch toward OXPHOS by inhibiting mTOR signaling (31, 32).

Hence, glucose depletion within the TME enhances AMPK

activation, which may inhibit effector function of T-cells (33).

Nutrient competition between cancer and immune cells

contributes to functional exhaustion of CD8+ T-cells (34, 35).

Exhausted T-cells also exhibit dysregulated metabolism with

repressed glycolytic and mitochondrial function (36, 37). In

addition, CD8+ memory T-cells are an important member of the

adaptive immune systemandplay a crucial role in long-term tumor

control. During the differentiation of activated effector T-cells into

memory T-cells, there is also a metabolic shift to increase

mitochondrial metabolism for energy production (38). Inhibition

of mTOR signaling enhances CD8+ memory T cell formation but

compromises effector T-cell activity (39). Antitumor CD4+ T-cells

sharemetabolicprofileswith activatedCD8+T-cells (40).However,

not all CD4+ T-cells undergo metabolic transition after activation.

Regulatory T-cells (Treg), a subset of CD4+ T-cells, play a critical

role in dampening antitumor immune response. Low-glucose

availability induces FOXP3 expression, increasing T cell

differentiation to Tregs (39). This immunosuppressive subset has

low levels of glycolysis and predominantly depends on

mitochondrial respiration and fatty acid oxidation for their

metabolism (41, 42). In addition, lactate is preferentially utilized

by Tregs since they prefer oxidative metabolism (42). The distinct

metabolic programs enable Treg cells tomaintain optimal function

in the lactate-rich TME (42).
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The activation of natural killer (NK) cells depends on glycolysis

and OXPHOS to supply energy (43). Therefore, the lack of glucose in

the TME affects the function of NK cells. It has been reported that the

glycolytic rate ofNKcellswas suppressed in lung cancer,which further

weakened the cytotoxicity and cytokine production (44). Glycolysis is

not the only way of glucosemetabolism, gluconeogenesis also plays

a significant role in TME (45). Gluconeogenesis is the process of

generating glucose from non-carbohydrate substrates. Fructose-

1,6-bisphosphatase (FBP1), a key enzyme in gluconeogenesis, is

upregulated inmurineNKcells (44). FBP1 represses the expression

of glycolytic genes and reverses the direction of glycolysis to

promote glucose synthesis (46). Therefore, inhibition of FBP1

strongly restores glycolytic metabolism and improve the function

of NK cells (44).

Similarly, other innate immune cells employ specific

metabolic programs upon activation. DCs are professional

antigen presenting cells that phagocytize and present antigen

to T-cells after maturation. This process is accompanied by an

increase in glycolysis through PI3K/AKT pathway in response to

Toll-like receptor (TLR) signals (47). Activated DCs require high

glycolytic metabolism, which is critical for DC continued

survival and secretion of pro-inflammatory cytokines (48).

Thus, glucose competition in the TME may affect DC function

and limit the activity of T-cells (49). Macrophages reprogram

their metabolism in the TME through elevated glycolysis while

maintaining a tumor-promoting function (50). Tumor-associate

macrophages (TAMs) are categorized into inflammatory (M1)

and immunosuppressive (M2) phenotypes, which have distinct

metabolic programs. The pro-inflammatory M1 macrophages

enhance glycolysis and fatty acid synthesis (FAS) to support

their function (51). Conversely, like Treg cells, anti-

inflammatory M2 macrophages rely more on fatty acid

oxidation (FAO) and OXPHOS to maintain their tumor-

promoting function (50, 52). The myeloid-derived suppressor

cells (MDSCs) also exhibit characteristic metabolic phenotypes.

It is generally believed that both aerobic glycolysis and OXPHOS

were upregulated in MDSCs (53). Recent study shows that

MDSCs consume the most glucose per cell in the TME and

account for one-third of glucose uptake in the whole tumor,

limiting the availability of glucose to other immune cells (54).

And blocking glycolysis has been shown to inhibit the expansion

and function of MDSCs (55). Hypoxia and lactate in the TME

can polarize macrophages toward M2 anti-inflammatory

phenotype, promote MDSC suppressive function, and reduce

dendritic cell activation and stimulatory effects (56–58).
Targeting glucose metabolism to
enhance cancer immunotherapy

Multiple researches have shown that glycolytic activity of

glucose metabolism not only provides an intrinsic growth
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advantage for cancer cells but also exerts inhibitory effects on

antitumor immune cells by creating an immunosuppressive

microenvironment. Thus, improving the immune state of

TME via metabolic intervention is expected to provide

promising strategies for enhancing the therapeutic effect of

tumors. To date, several drugs have been proposed to target

tumor glucose metabolism for cancer treatment (Table 1). Here,

we summarize the therapeutic strategies targeting glucose

metabolism and advances in glucose metabolism intervention

combined with ICI immunotherapy.
Strategies of targeting glucose
metabolism within the TME

Inhibiting glycolytic activity of tumor cells
The enhanced glycolytic activity of cancer cells results in

deprivation of glucose and accumulation of lactate, which inhibit

the effector function of antitumor immune cells and promote the

differentiation and recruitment of immunosuppressive cell

populations. Therefore, weakening tumor aerobic glycolysis by

either inhibiting glycolysis-related enzymes or using the

competitive glucose analog may help to inhibit tumor growth.

2-Deoxyglucose (2-DG) is a glucose analog and inhibitor of

hexokinase used to reduce glycolysis. Studies revealed it could

inhibit cancer cell proliferation and promote the formation

of memory CD8+ T-cells, but it also impairs the effector function

of T-cells (59, 60). Dichloroacetate (DCA) is an inhibitor of

phosphofructokinase-1 and can induce a shift from glycolysis to

OXPHOS and inhibits tumor cells’ growth (61, 62). However,

these two drugs also inhibit T-cell function and promote

immunosuppression because they are not specific to tumor cell

metabolism. Therefore, the targeting specificity of tumor cells is

critical for applying glycolysis inhibitors.
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Targeting lactate in the TME
The enhanced glycolytic activity of tumor cells can release large

amounts of lactate, leading to the formation of acidic TME (63).

Lactic acid increases the expression of IL-8 and VEGF, which

promotes tumor metastasis and progression (22). Yet, lactate

inhibits the proliferation and cytotoxicity of T and NK cells, but

promotes the survival of Treg and MDSC cell populations (42, 64).

Hence, inhibiting the production of lactate or neutralizing lactate in

the TME may improve the efficacy of immunotherapy. Lactate

dehydrogenase (LDH), which is comprised of two major subunits,

LDH-A and LDH-B, catalyzes the reversible reaction between

pyruvate and lactate. LDH-A has a higher affinity for pyruvate

and favors the conversion of pyruvate to lactate, making LDH-A a

target of interest (65). LDH-A inhibitors, such as FX11 and

galloflavin, have been reported to reduce tumor growth (66).

Another approach to targeting lactate is to inhibit lactate

transporters monocarboxylate transporter (MCT) 1-4. MCT

inhibitor lenalidomide has been reported to suppress tumor cell

proliferation and enhance IL-2 and IFN-g secretion of T-cells (67).

In a mouse model of breast cancer, blockade of MCT1/MCT4

combined with ICI enhances antitumor immune responses

compared to ICI alone (14). Further, neutralizing lactic acid with

bicarbonate or proton pump inhibitors can improve the low pH of

TME. Importantly, oral bicarbonate combined with anti-PD-1

immunotherapy inhibits tumor growth in a melanoma mouse

model (68, 69).

Alleviating hypoxia in the TME
The rapid proliferation of tumor cells results in massive oxygen

consumption and hypoxia in the TME. Under hypoxic conditions,

HIFs are stabilized to promote the expression of glycolytic genes and

cytokines that promote tumor metabolism and angiogenesis (70).

Furthermore, intra-tumoral hypoxia inhibits the function of T-cells

and supports the generation of immunosuppressive cells, such as
TABLE 1 Potential targets for modulating glucose metabolism.

Intervention Target Representative drugs

Inhibiting glycolytic activity HK 2-DG

PFK-1 DCA

GLUT1 WZB117

Targeting lactate in the TME LDH-A FX11, Galloflavin

MCTs Lenalidomide, AZD3965

Acidic pH Bicarbonate

Proton pump Omeprazole

Alleviating hypoxia in the TME Hypoxia Supplemental oxygen, Evofosfamide

Mitochondrial respiratory complex I Metformin

Targeting PI3K/AKT/mTOR signaling pathway mTOR Rapamycin

PI3K isoforms AZD8835, BKM120

AKT AKTi, Ipatasertib
HK, Hexokinase; 2-DG, 2-Deoxyglucose; PFK-1, Phosphofructokinase-1; DCA, Dichloroacetate; GLUT1, glucose transporter 1; LDH-A, Lactate dehydrogenase-A; MCTs,
Monocarboxylate transporters; mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositol-3 kinase.
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Treg and M2 macrophages (71, 72). As oxygen is a determinant of

energy production needed for the differential and activation of effector

T-cells, alleviating hypoxia can boost antitumor immune responses.

Studies have confirmed that supplemental oxygen increased T-cell

infiltration and inflammatory cytokine production, and decreased

Treg cell, which can enhance the antitumor immunity of T-cells in

mice with lung tumors (73). Similar results can be obtained with the

use of metformin, which reduces tumor hypoxia and improves T-cell

response in a mouse model of melanoma (89).

Targeting PI3K/AKT/mTOR signaling pathway
The PI3K/AKT/mTOR is an important pathway involved in

cell proliferation. This pathway also senses nutrients and plays a

key role in promoting glycolysis in tumor cells and effector T-

cells (39). Analogs of rapamycin can reduce cancer cell aerobic

glycolysis and proliferation. However, these drugs can also

suppress the function of effector T-cells and endow T-cell with

a memory phenotype (74). For example, the mTORC1 inhibitor

rapamycin enhances the formation of CD8+ memory T-cells and

also inhibits immune response of CD8+ T-cells (75). Likewise,

PI3K inhibitor skews T-cell differentiation toward memory

phenotypes and improves in vivo persistence and antitumor

activity in mice with acute myeloid leukemia (76). Among the

PI3K isoforms, PI3Ka and PI3Kb are ubiquitously expressed,

whereas PI3Kg and PI3Kd are found primarily in leukocytes.

PI3Ka/d inhibition promotes antitumor immunity through

enhancement of CD8+ T-cell activity and suppression of Tregs

(77). Interestingly, recent evidence suggests that rapamycin

combined with immunotherapy promote cytotoxic and

memory function of T-cells in glioblastoma (78). Therefore,

blockade of PI3K/AKT/mTOR signaling may be an attractive

strategy to be used in combination with immunotherapy.
Advances in targeting glucose
metabolism combined with immune
checkpoint inhibitors

Immune checkpoint inhibitors restore the antitumor immunity

of T-cells by blocking the binding of inhibitory immune checkpoint

ligands and receptors. Undoubtedly, ICIs have achieved good

results in some malignant tumors. Recent evidence has indicated

that immune checkpoint signaling can regulate metabolism of

cancer cells and T-cells. Indeed, several studies suggest that the

interaction of PD-1 and PD-L1 impairs the metabolic feature of T-

cells, including inhibiting aerobic glycolysis via suppression of

PI3K/AKT/mTOR signaling (79, 80). Similar to PD-1signaling,

CTLA-4 ligation to CD80/CD86 inhibits the glucose metabolism

of T-cells by reducing AKT phosphorylation and activation (81).

Hence, checkpoints signaling would impact the activation and

antitumor function of T-cells (80). In addition, immune

checkpoints also affect metabolism of tumor cells. PD-L1 in
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tumor cells has been shown to upregulate aerobic glycolysis by

increasing the activity of PI3K/AKT/mTOR pathway (82).

Consequently, PD-1/PD-L1 axis supports the survival and

progression of cancer cells. Thus, inhibition of PD-1/PD-L1

signaling might restore the metabolic requirements of T-cells

while simultaneously inhibiting glycolysis levels in tumor cells.

Indeed, the ICIs differentially influence the metabolic programs in

the TME by increasing the glucose availability to T-cells and in

contrast inhibiting the rate of glycolysis in cancer cells. In tumors,

the TME imposes many metabolic stresses on immune cells,

especially the antitumor effector T-cells. Therefore, the metabolic

treatments that modulate glucose metabolism to improve the TME

could be attractive adjuvants to be used in combination with ICIs.

Recently, researchers constructed a nanosystem embedded

with lactate oxidase (LOX) and a glycolysis inhibitor for lactate

consumption and modulation of metabolism. This nanosystem

can inhibit tumor growth by blocking glycolysis and removing

lactic acid in the TME. Importantly, this metabolic regulation

strategy can effectively improve the therapeutic effect of anti-PD-

L1 therapy and avoid systemic toxicity (83). In addition, other

studies also found that neutralizing tumor acidity with oral

bicarbonate impaired the tumor growth in melanoma mice,

further combining bicarbonate with anti-PD1 improved

antitumor response and prolonged mouse survival (68).

Metformin can inhibit oxygen consumption in tumor cells to

reduce intra-tumoral hypoxia. A combination of metformin with

PD-1 antibody improves T-cell function and tumor clearance in

mice with melanoma (84). Favorable treatment outcomes were

also observed in melanoma patients receiving metformin in

combination with ICIs (85).Similarly, patients with non-small

cell lung cancer receiving concurrent metformin and ICIs showed

higher response rate and overall survival (86). A Phase I clinical

trial reported that evofosfamide in combination with ipilimumab

improved immune activity in advanced solid tumors (87). Future

studies focusing on metabolic modulation therapy in combination

with ICIs are clearly warranted.
Conclusion and perspectives

Increasing evidence indicates that cellular metabolism could

remodel TME and regulate antitumor immunity. These provide

opportunities to target metabolism as a means to enhance

immunotherapy. Varieties of strategies targeting glucose

metabolism have been developed for tumor therapy, but their

efficacy needs to be further explored. Moreover, the similarity of

metabolism between tumor cells and T-cells raises the concern that

targeting tumor metabolism might undermine the immune response

of activated T-cells. In fact, several studies have suggested that drugs

targeting tumor aerobic glycolysis also significantly inhibit T-cell

function and promote immunosuppression (59). Therefore, special

attention should be devoted to targeting tumor cells and avoiding
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systemic toxicity. Using more specific inhibitors or nano-delivery

technology may be the way to address the toxic effects.

In addition to glucose metabolism, tumor cells also obtain

energy and substances through other metabolic pathways, such as

amino acid and fatty acid metabolism. Hence, it is unlikely that a

single enzymeor transporter targeting specificpathwaywill provide

a perfect solution. Instead, approaches intervening metabolic

targets in combination with other therapies, including ICIs, may

offer the most significant potential to improve clinical efficacy.
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Enhanced lipid metabolism
confers the immunosuppressive
tumor microenvironment in
CD5-positive non-MYC/BCL2
double expressor lymphoma

Meng-Ke Liu1†, Li-Li Cheng1†, Hong-Mei Yi2†, Yang He1†,
Xiao Li1, Di Fu1, Yu-Ting Dai1, Hai Fang1, Shu Cheng1,
Peng-Peng Xu1, Ying Qian1, Yan Feng3, Qian Liu3, Li Wang1,4*

and Wei-Li Zhao1,4*

1Shanghai Institute of Hematology, State Key Laboratory of Medical Genomics, National Research
Center for Translational Medicine at Shanghai, Ruijin Hospital, Shanghai Jiao Tong University
School of Medicine, Shanghai, China, 2Department of Pathology, Ruijin Hospital, Shanghai Jiao
Tong University School of Medicine, Shanghai, China, 3State Key Laboratory of Microbial
Metabolism, School of Life Sciences and Biotechnology, Shanghai Jiao Tong University,
Shanghai, China, 4Laboratory of Molecular Pathology, Pôle de Recherches Sino-Français en
Science du Vivant et Génomique, Shanghai, China
Lymphoma cells expressing CD5 (CD5+) confer inferior outcome of diffuse

large B-cell lymphoma (DLBCL), especially in non–MYC/BCL2 double

expressor (non-DE) patients. In tumor microenvironment, CD5+ non-DE

tumor revealed increased proportion of immunosuppressive M2

macrophages and enhanced pathways related to macrophage activation and

migration. In accordance to M2 activation, lipid metabolism was upregulated,

including fatty acid uptake and fatty acid oxidation, which supplied energy for

M2 macrophage polarization and activation. Meanwhile, CD36 expression was

upregulated and strongly correlated to the proportion of M2 macrophages in

CD5+ non-DE DLBCL. In vitro, a DLBCL cell line (LY10) overexpressing CD5

significantly increased M2 proportion in comparison with control when

cocultured with peripheral blood mononuclear cells (PBMCs). The addition of

metformin significantly decreased the M2 proportion and the CD36 expression

level in the coculture systems, indicating that metformin could target altered

lipid metabolism and decrease M2 macrophages in DLBCL, especially in CD5+

non-DE lymphoma. In conclusion, enhanced lipid metabolism and M2

macrophage activation contributed to the immunosuppressive tumor

microenvironment and could be potential therapeutic targets in CD5+ non-

DE DLBCL.

KEYWORDS

diffuse large B cell lymphoma (DLBCL), CD5 positive, non-MYC/BCL2 double
expressor, tumor microenvironment, lipid metabolism
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Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most

prevalent type of non-Hodgkin lymphoma and is

heterogeneous in clinical and molecular features (1). Although

standard immunochemotherapy (R-CHOP regimen: rituximab,

cyclophosphamide, doxorubicin, vincristine, and prednisone)

has cured about 60% of DLBCL patients, 40% DLBCL patients

experience relapse and remain refractory to conventional

treatment (2).

Accumulating data have revealed that CD5-positive (CD5+)

DLBCL patients fail to benefit from rituximab-based

immunochemotherapy and intensive regimens, with the 5-year

survival rate as only 40% (3–5). CD5+ DLBCL, a rare disease,

accounts for 5%–10% of DLBCL and is defined as an

immunohistochemical subtype according to the World Health

Organization classification (6). As reported, CD5+ DLBCL is

related to an increased serum lactate dehydrogenase level, an

advanced Ann Arbor stage, high risk scores of an international

prognostic index (IPI), and more frequencies of central nervous

system (CNS) relapse (7, 8). Although CD5 is regarded as a poor

prognosis biomarker of DLBCL, several studies indicate the

heterogeneities of CD5+ DLBCL. Salles et al. reported that

CD5 expression over 75% by immunohistochemistry indicated

poor outcome (9). Recently, Shen et al. reported that CD5+

double expressor (DE; co-expression of MYC/BCL2) had

inferior survival as compared with CD5+ non–double

expressor (non-DE) patients (10). Therefore, it is important to

explore the genetic alterations in CD5+ DLBCL.

Tumor microenvironment (TME) has been documented to

have an essential role in the progression and chemoresistance of

DLBCL (11, 12). Immunosuppressive TME accelerates tumor

progression through impeding effector T cell and natural killer

(NK) cell activation and recruiting immunosuppressive cells

such as regulatory T cells, myeloid-derived suppressor cells,

and macrophages (13, 14). Tumor-associated macrophages

(TAMs) are notorious immune suppressors, supporting

tumorigenesis, vascularization, and immunoevasion (15).

Extensive studies have illustrated the profound influence of

metabolic reprogramming on TME (16). Immune cells are

characterized by different metabolic phenotypes in their

proliferation and activation. Activated T and NK cells

preferentially use aerobic glycolysis for energy supplement. By

contrast, other immunosuppressive cells such as regulatory T

cells and myeloid-derived suppressor cells rely on fatty acid

oxidation and oxidative phosphorylation for cell function (17).

Metabolic changes can interfere the polarization of TAMs to

either pro-inflammatory M1 or anti-inflammatory M2.

Transcriptional analyses distinguish M1 and M2 in several

metabolic pathways. M1 is enriched by glycolysis ,

glycerophospholipid metabolism, and fructose and mannose

metabolism, whereas M2 is enriched by glutamate, purine,

arginase, and fatty acid metabolisms (18).
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Enhanced fatty acid metabolism is one of the critical

metabolic adaptations of M2. Fatty acid transporter (CD36),

fatty acid–binding proteins (FABPs), and fatty acid synthase

(FASN) are the main essential proteins involved in the M2 lipid

metabolism (19). CD36 is strongly expressed onM2macrophages,

contributing to prolonged survival and activation of M2

macrophages (20). Uptake of triacylglycerol substrates via CD36

enhances downstream peroxisome proliferator-activated receptor-

g (PPAR-g) and arginase expression, also following mitochondrial

biogenesis and fatty acid oxidation in M2 (21). Stimulation of ox-

LDL induces M2 polarization, with a subsequent increase in the

expression of arginase-1, interleukin-10 (IL-10), and transforming

growth factor-beta (TGF-b), which represent M2 activation (22).

Thus, targeting CD36 on M2 provided a possible approach in

targeting lipid metabolism to interfere immunosuppressive TME.

Here, we focus on the clinical, genetic, and microenvironment

characteristics in CD5+ non-DE DLBCL and further explore the

influence of lipid metabolism on the TME.
Methods

Patients

As shown in the flowchart (Figure 1), a total of 658 newly

diagnosed DLBCL patients treated in Ruijin Hospital from 2006

to 2019 were included in this study, namely 64 patients with

CD5+ and 594 patients negative for CD5 (CD5−). Patients with

primary CNS lymphoma, with primary mediastinal lymphoma,

or who received supportive care were excluded. All patients were

treated with the R-CHOP–based therapy (rituximab,

cyclophosphamide, doxorubicin, vincristine, and prednisone)

and were included in the survival analysis. There were 529

non-DE DLBCL patients, namely 48 CD5+ non-DE patients

and 481 CD5− non-DE patients. Among the 48 CD5+ non-DE

patients, eight were recruited in a prospective, single-arm phase

II clinical trial (ChiCTR-OIN-17012130) to evaluate the

therapeutic effect of metformin as maintenance therapy, in

which patients received metformin orally at a dose of 1.0 g,

twice a day for 2-year maintenance after complete remission

(23). The remaining 40 patients did not receive metformin

maintenance therapy. Among 658 patients, 355 had available

DNA sequencing, and 208 had available RNA sequencing data.
Clinical features and pathological data

Clinical data including age, Eastern Cooperative Oncology

Group performance status, Ann Arbor stage, serum lactate

dehydrogenase, IPI, and sites of extranodal involvement were

collected. Immunohistochemistry was performed for CD10,

BCL6, MUM1, BCL2, MYC, and CD5 using an indirect

immunoperoxidase method on the paraffin sections of tumor
frontiersin.org
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tissues according to standard protocols. The histological

diagnosis and percentage of positive tumor cells were

confirmed by two experienced pathologists. Germinal center

B-cell or non–germinal center B-cell origin was classified by

Hans algorithm. MYC/BCL2 DE lymphoma was defined as

MYC expressed on ≥40% of tumor cells and BCL2 expressed

on ≥50% of tumor cells (24).
DNA sequencing

Genomic DNA from frozen tumor tissues was extracted

using a QIAamp DNA Mini Kit (Qiagen, Hilden, Germany);

DNA from formalin-fixed paraffin-embedded tumor tissues was

extracted using a GeneRead DNA Formalin-Fixed Paraffin-

Embedded Tissue Kit (Qiagen). For whole genome sequencing

(WGS), sequencing was performed with 150-bp paired-end

strategy on an Illumina HiSeq platform in WuXi NextCODE,

Shanghai. For whole exome sequencing (WES), exome regions

were captured by a SeqCap EZ Human Exome Kit (version 3.0),

and sequencing was performed with 150-bp paired-end strategy

on a HiSeq 4000 platform in Righton, Shanghai. Burrows–

Wheeler Aligner version 0.7.13-r1126 was applied to align

read pairs to Human Reference Genome version hg19

(downloaded from UCSC Genome Browser, URLs). Samtools

version 1.3 was used to remove PCR duplications and generate

chromosomal coordinate-sorted bam files. Genome Analysis

Toolkit version 3.4 Haplotype Caller and Genome Analysis
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Toolkit Unified Genotyper were applied to call single-

nucleotide variations (SNVs) and indels. Annotation of SNVs

and indels was applied using the UCSC Genome Browser (http://

genome.ucsc.edu). The filter of SNVs and indels was based on

the following pipelines: (1) germline mutations detected in

paired blood samples were excluded, (2) mutations with low

frequency (<0.05) were excluded, and (3) mutations included in

the single-nucleotide polymorphism database and not reported

in COSMIC (the Catalogue of Somatic Mutations in Cancer)

version v77 were excluded.

For targeted sequencing, PCR primers were designed by

Primer 5.0 software. Multiplexed libraries of tagged amplicons

from tumor tissue samples were generated by Shanghai Righton

Bio-Pharmaceutical Multiplex–PCR Amplification System.

All data of DNA sequencing including targeted sequencing

(n = 178), WES (n = 119), andWGS (n = 58) were collected from

our previous report (14).
RNA sequencing

RNA was extracted from frozen tumor tissue samples with a

Trizol and RNeasy Mini Kit (Qiagen) and quantified with

NanoDrop. Details of RNA sequencing procedures and RNA

sequencing data of 208 patients were all cited from our previous

report (14). The raw reads were aligned to human reference

genome hg19 with a Burrows‐Wheeler Aligner (v0.7.13‐r1126).

Transcript counts table files were generated with HTSeq.
FIGURE 1

Flowchart describing the procedure of patient selection. DLBCL, diffuse large B-cell lymphoma; IHC, immunohistochemistry.
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Normalization of raw reads and analysis of differentially

expressed genes were carried out using R package “limma”

(v3.48.1) (25). Gene set enrichment analysis (GSEA) was

performed with R package “clusterProfiler” (v4.0.0) based on

MSigDB-curated gene sets (c2.cp.keggADD.v7.0.symbols.gmt

and c5.bp.v7.0.symbols.gmt) (26). Metabolic signature scores

were calculated using single-sample GSEA through R package

“GSVA” (1.40.1); gene sets of lipid metabolism were acquired

from the KEGG database. A CIBERSORT deconvolution

algorithm (v 1.03) was applied in the calculation of immune

cell populations based on its reference list. A total of 22 immune

cell phenotypes were included in the analysis according to the

signatures of bulk RNA-sequencing profile.
Cells and reagents

The B-lymphoma cell line OCI-LY-10 was provided by

Huang CX. DB and THP-1 cells were purchased from the

American Type Culture Collection. PBMCs from a healthy

donor were obtained via Ficoll–Paque density gradient

centrifugation. Cells were cultivated in IMDM or RPMI 1640,

with the addition of 10% heat-inactivated fetal bovine serum and

1% penicillin/streptomycin (15140122, Gibco, Carlsbad, CA,

USA) under a humidified atmosphere containing 95% air–5%

CO2 at 37 °C. Metformin was obtained from Selleck (Houston,

TX, USA). Sulfosuccinimidyl oleate (SSO) was obtained from

MedChemExpress (Shanghai, China).
Cell transfection

CD5 overexpression cells or negative control cells were

constructed using lentiviral transfection. A purified plasmid

MSCV-IRES-EGFP-CD5 (GV358) retroviral vector or control

vector was transfected into package HEK-293T cells. Lentiviral

particles were collected from the supernatant of HEK-293T cells

and condensed to a viral concentration of ~2 × 108 transducing

units/ml. Then, LY-10 cells or DB cells were cultivated, with the

addition of lentiviral particles for 72 h in IMDM or RPMI 1640

containing polybrene (8 mg/ml). Flow cytometry was applied to

se l ec t s tab ly t ransduced c lones express ing EGFP

fluorescence protein.
Flow cytometry

PBMCs were cocultured with CD5 overexpressed OCI-LY-

10 or vector OCI-LY-10 in IMDM and CD5 overexpressed DB

in RPMI 1640 for 72 h. The following anti-human antibodies

were used: APC anti-CD14 (555397, BD Biosciences), PE-CY7

anti-CD68 (565595, BD Biosciences), PE anti-CD163 (556018,

BD Biosciences), and Percp-Cy5.5 anti-CD36 (336224,
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Biolegend). Flow cytometry was applied on a FACS Calibur

cytometer (BD Biosciences) and analyzed by FlowJo

software (v10.4).
Generation of M2 macrophages from
THP-1 cell line

To induce M2 macrophages, 320 nM phorbol myristate

acetate was added to THP-1 cells for 6 h, followed by phorbol

myristate acetate plus 20 ng/ml of IL-4 and IL-13 for 18 h (27).
Oil red O staining

Oil red O staining was applied using a modified Lipid

Staining Kit (C0158S, Beyotime) following its staining

protocol. Cells were fixed with 10% formalin for 10 min and

washed with phosphate-buffered saline twice. Staining wash

buffer was added for 20 s and then removed. Then, cells were

stained with oil red O solution for 20–30 min, and then the stain

solution was removed. Oil red O staining was observed under

a microscope.
Quantitative real-time PCR

Total RNA was extracted from M2 cells using a Trizol

reagent and reverse-transcribed into cDNA using a HiScript

III RT SuperMix for qPCR with a gDNA wiper (R323-01,

Vazyme). Quantitative real-time PCR was performed with a

ChamQ Universal SYBR qPCR Master Mix (Q711-02, Vazyme)

using ABI ViiA7 (Applied Biosystems, Bedford). Forward

primer of CD36: 5′-GGCTGTGACCGGAACTGTG-3′; reverse
p r ime r : 5 ′ -AGGTCTCCAACTGGCATTAGAA-3 ′ ;
forward primer of FASN: 5′-CCGAGACACTCGTGGGCTA-
3′; reverse primer: 5′-CTTCAGCAGGACATTGATGCC′;
forward primer of FABP5: 5′-TGAAGGAGCTAGGA

GTGGGAA-3′; reverse primer: 5′-TGCACCATCTGTAAAG
TTGCAG′. Relative expression was calculated and described

using 2−DDCT.
Statistical analysis

The clinical characteristics of patients were assessed using

Pearson’s c2 test or Fisher’s exact test. Differences of immune

cell populations and normalized gene expression in two groups

were carried out using unpaired t-test or Mann–Whitney U test.

Progression-free survival (PFS) was determined as the time from

the date of diagnosis to the date when the disease progression of

relapse was recognized or the date of last follow-up. Overall

survival (OS) was determined as the time from the date of
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diagnosis to the date of death or the date of last follow-up.

Survival functions were analyzed using the Kaplan–Meier

method and compared by the log-rank test. Statistical

significance was defined as p < 0.05. All statistical analyses

were performed using R software (version 4.1.0; http://www.R-

project.org) and Statistical Package for the Social Sciences (SPSS,

25.0) software (SPSS, Inc., Chicago, IL, USA).
Results

Clinical characteristics and survival

The median follow-up of 658 patients was 41.3 months, and

the 5-year PFS and the 5-year OS were 70.6% and 80.0%,

respectively. However, CD5+ DLBCL patients had poor 5-year

PFS (54.2% vs. 72.4%, p = 0.003; Figure 2A), but without

statistical difference in the 5-year OS (71.0% vs. 80.9%, p =

0.077; Figure 2B) when compared with CD5− DLBCL patients.

Among the DE patients, no significant difference was observed

between CD5+ and CD5− patients in terms of PFS (5-year PFS

40.0% vs. 59.3%, p = 0.110; Figure 2C) and OS (5-year OS 65.6%

vs. 65.9%, p = 0.879; Figure 2D). Nevertheless, CD5+ non-DE

patients had poor outcome, as compared with CD5− non-DE

patients: 5-year PFS 58.8% vs. 76.3%, p = 0.016 (Figure 2E) and

5-year OS 72.9% vs. 84.7%, p = 0.037 (Figure 2F).

Based on these findings that CD5+ had prognostic

indications in non-DE DLBCL, further clinical, genetic, and

microenvironment profiles were analyzed in non-DE patients.

Among non-DE, CD5+ patients had advanced Ann Arbor stage

(III–IV) (p = 0.021), high-risk IPI (p = 0.010), more frequent

bone marrow involvement (p = 0.018), and high CNS relapse

(p = 0.040; Table 1).
Mutation patterns

Oncogenic mutations related to DLBCL progression were

detected in WES, WGS, and targeted sequencing. Mutation

patterns in non-DE patients were displayed in Figure 3A. The

mutation frequencies of MYD88 (28.1% vs. 13.0%, p = 0.020),

FOXO1 (18.8% vs. 6.5%, p = 0.013), and TMSB4X (15.6% vs.

4.6%, p = 0.010) were significantly higher in CD5+ patients than

in CD5− patients.
Gene expression analysis and tumor
microenvironment analysis

Gene ontology analysis revealed the activation of multiple

pathways, including the MYD88-dependent Toll-like receptor

pathway, monocyte- and macrophage-related pathways

(monocyte chemotaxis, macrophage migration, macrophage
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activation, positive regulation of response to cytokine stimulus,

regulation of myeloid cell differentiation, tumor necrosis factor

superfamily cytokine production, and CCR chemokine receptor

binding), and pathways related to inhibit immune responses

(negative regulation of immune system process, TGF-b receptor

signaling pathway), in CD5+ non-DE patients (Figures 3B,C).

Following analysis of an immune cell proportion in TME was

carried out through CIBERSORT. As displayed in Figure 3D, an

elevated proportion of monocytes (p = 0.019), M2 macrophage

(p < 0.001), and a decreased proportion of NK cells were

observed (p < 0.001) in CD5+ non-DE when compared with

CD5− non-DE patients. Meanwhile, the normalized expression

level of HAVCR2 (also called TIM3) was significantly increased

in CD5+ than CD5− non-DE patients (p = 0.018) (Figure 3E).

Moreover, the normalized expression levels of HAVCR2 (p =

0.033) and TGFBI (p < 0.001) were positively correlated with the

M2 proportion in TME, and the normalized expression of

HAVCR2 was positively correlated with TGFBI (p <

0.001) (Figure 3F).
Variation in lipid metabolism in RNA
sequencing

Regarding the variation in metabolic pathways between

CD5+ and CD5− non-DE DLBCL, as revealed by GSEA,

upregulation of lipid metabolic pathways, including the PPAR

signaling pathway, the ATP-binding cassette transporter

pathway, ether lipid metabolism, the fatty acid metabolism

pathway, and arachidonic acid metabolism, was observed in

CD5+ patients. However, the metabolic pathway enriched in

CD5− patients included pyrimidine metabolism, porphyrin and

chlorophyl l metabol i sm, pentose and glucuronate

interconversions, and glyoxylate and dicarboxylate metabolism

(Figure 4A). Further comparing the correlation between

metabolic pathways and immune cell proportion, all these

upregulated metabolism pathways in CD5+ non-DE patients

were positively correlated with the M2 proportion (Figure 4B).

Among differentially expressed genes, the normalized expression

level of CD36 was significantly higher in CD5+ than CD5− non-

DE patients (p = 0.035; Figure 4C) and positively correlated with

the M2 proportion in TME (p < 0.001; Figure 4D). Additionally,

the expression level of CD36 was also positively correlated with

the expressions of multiple chemokines and chemokine

receptors including CCL16, CCL18, CCL2, CCL8, CCR2,

CXCR1, and CXCR2 (Figure 4E).
Metformin attenuated CD36 expression
and lipid metabolism

After PBMC cocultured with CD5-overexpressed (LY-10/

CD5) or vector-transfected (LY-10/vector) cells at the ratio of 5:1
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for 72 h, flow cytometry was applied to calculate the proportion

of M2 and CD36 expression on M2. As shown in Figure 5A, the

coculture with LY-10/CD5 or LY-10/vector increased the M2

proportion (13.0% ± 3.3%, p = 0.004 or 6.9% ± 1.7%, p = 0.007)

in PBMC as compared with PBMC alone (1.4% ± 0.9%). Of note,

the M2 proportion was significantly high in the LY-10/CD5

coculture system than in the LY-10/vector coculture system (p =

0.047; Figure 5A). Metformin treatment (200 mM) significantly

decreased the proportion of M2 in both coculture systems, from

13.0% ± 3.3% to 4.8% ± 1.4% (p = 0.017) in the LY-10/CD5

coculture system and from 6.9% ± 1.7% to 3.6% ± 0.9% (p =

0.039) in the LY-10/vector coculture system (Figure 5B). Further
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exploring the efficacy of metformin on the expression of CD36,

flow cytometry analysis revealed that, after treatment with

metformin, the CD36 expression level on M2 was significantly

downregulated in the LY-10/CD5 coculture system (p = 0.025)

than the LY-10/vector coculture system (p = 0.052; Figure 5C).

PBMCs cocultured with DB/CD5 cells were also treated with 200

mM metformin for 72 h, M2 cells decreased from 10.8% ± 2.1%

to 6.3% ± 1.5% (p = 0.043), and CD36 expression on M2 cells

also decreased significantly (p = 0.018) (Supplementary Figure

S1). M2 cells induced from THP-1 cells were treated with 200

mM metformin for 72 h. The mRNA expression levels of CD36,

FABP5, and FASN were significantly decreased after metformin
B

C D

E F

A

FIGURE 2

Survival analysis of DLBCL patients according to CD5 positivity. (A, B) Kaplan–Meier survival curves of progression-free survival (PFS) and overall
survival (OS) comparing CD5+ (n = 64) and CD5− (n = 594) DLBCL patients. (C, D) Kaplan–Meier survival curves of PFS and OS in CD5+ (n = 16)
and CD5− (n = 113) double expressor (DE) DLBCL patients. (E, F) Kaplan–Meier survival curves of PFS and OS in CD5+ (n = 48) and CD5− (n =
481) non–double expressor (non-DE) DLBCL patients.
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treatment (p = 0.019, p = 0.021, and p = 0.037, respectively)

(Figure 5D). Also, oil red O staining showed reduced lipid

droplets accumulation after metformin treatment (Figure 5E).
Metformin decreased immune
checkpoint expression

In the LY10/CD5 and PBMC coculture system, after the

addition of metformin (200 mM) for 72 h, the expressions of PD-

1 on both CD4 T cells (from 7.0% ± 2.6% to 2.8% ± 0.4%, p =

0.048) and CD8 T cells (from 8.8% ± 2.6% to 4.4% ± 0.4%, p =

0.044) decreased significantly. Meanwhile, TIM3 expression

decreased from 5.4% ± 2.6% to 0.8% ± 0.5% on CD8 T cells

(p = 0.038) and decreased from 5.0% ± 2.3% to 1.1% ± 0.5% (p =

0.046) on CD4 T cells (Figure 5F).

Consistent with the in vitro results that metformin targeted

immunosuppressive TME, CD5+ non-DE patients with
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metformin maintenance tended to have longer PFS and OS

than those without metformin maintenance (5-year PFS, 87.5%

vs. 50.3%, p = 0.096, and 5-year OS, 87.5% vs. 69.3%, p =

0.329; Figure 5G).
CD36 inhibitor interfered lipid
metabolism and immune
checkpoint expression

To further explore the impact of CD36 inhibition on lipid

metabolism in the coculture system, irreversible CD36 inhibitor

SSO (100 mM) was applied in PBMC cocultured with LY-10/

CD5 or LY-10/vector for 72 h; flow cytometry was used for the

quantification of the M2 proportion and surface CD36

proportion. After SSO treatment, M2 proportion was

significantly decreased from 13.0% ± 3.3% to 4.4% ± 0.5%

(p = 0.012) in the LY-10/CD5 coculture system and decreased
TABLE 1 Clinical characteristics of CD5+ and CD5− non-DE DLBCL patients. .

Characteristic CD5+ (n = 48) 2.1.1.1 CD5− (n = 481) p

Median age, years (range) 57 (25–90) 58 (16–90)

Gender 0.079

Men
Women

32 (66.7%)
16 (33.3%)

257 (53.4%)
224 (46.6%)

Ann Arbor, n (%) 0.021

I–II 21 (43.7%) 293 (60.9%)

III–IV 27 (56.3%) 188 (39.1%)

LDH, n (%) 0.241

> Normal 26 (54.2%) 218 (45.3%)

≤ Normal 22 (45.8%) 263 (54.7%)

ECOG, n (%) 0.330

< 2 43 (89.6%) 449 (93.3%)

≧ 2 5 (10.4%) 32 (6.7%)

IPI, n (%) 0.010

0–2 27 (56.2%) 355 (73.8%)

3–5 21 (43.8%) 126 (26.2%)

Age > 60 years, n (%) 19 (39.6%) 202 (42%) 0.747

Extranodal sites, n (%) 0.231

≧ 2 15 (31.3%) 113 (23.5%)

< 2 33 (68.7%) 368 (76.5%)

Cell of origin 0.443

Non-GCB 30 (62.5%) 373 (56.8%)

GCB 18 (37.5%) 208 (43.2%)

Response 0.413

CR 38 (79.2%) 403 (83.8%)

Non-CR 10 (20.8%) 78 (16.2%)

Bone marrow involvement, n (%) 8 (16.7%) 31 (6.4%) 0.018

CNS relapse, n (%) 3 (6.3%) 6 (1.3%) 0.040
frontiersi
DLBCL, diffuse large B-cell lymphoma; LDH, lactate dehydrogenase; ECOG, Eastern Cooperative Oncology Group; IPI, international prognostic index; GCB, germinal center B-cell; CR,
complete remission; CNS, central nervous system.
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FIGURE 3

Mutation patterns and tumor microenvironment of CD5+ non-DE patients. (A) Genetic mutations of 55 genes in CD5+ (n = 32) and CD5− (n = 323)
non-DE patients. P values are listed in the lower part of the graph. (B) Upregulated gene ontology (GO) pathways in CD5+ non-DE (n = 20)
compared with CD5− non-DE (n = 188) patients. The color gradient represents −log10 (p value) of GO pathways, the point size indicates the gene
numbers involved in each gene set, and the position of the x-axis indicates the gene ratio of genes enriched in each gene set. (C) Enrichment plot
of MYD88-dependent Toll-like receptor signaling pathway and TGF-b receptor signaling pathway. (D) Proportion of immune cells in the tumor
microenvironment of CD5+ non-DE (n = 20) and CD5− non-DE (n = 188) patients. (E) Normalized expression of HAVCR2 (TIM3) comparing CD5+
non-DE (n = 20) and CD5− non-DE (n = 188) patients. (F) Correlation between M2 macrophage proportion and normalized expression of HAVCR2
or TGFBI, and correlation between normalized expression of HAVCR2 and TGFBI. P values were listed in each plot.
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from 6.9% ± 1.7% to 3.8% ± 0.4% (p = 0.035) in the LY-10/vector

coculture system (Figure 6A), as well as the reduction of surface

CD36 proportion on M2 (p < 0.001) (Figure 6B). However, SSO

treatment did not affect the mRNA expression level of CD36 but

significantly decreased the mRNA level of FABP5 (p = 0.014)

and FASN (p = 0.002) in M2 (Figure 6C). Consequently, the

accumulation of lipid droplets was significantly inhibited in M2

upon SSO treatment (Figure 6D).

Comparable with the results of metformin treatment,

blockage of CD36 with SSO in the coculture system (LY10/

CD5 and PBMC) significantly decreased the immune checkpoint

expression on CD4 T cells (PD-1: from 7.0% ± 2.6% to 0.7% ±

0.4%, p = 0.013; TIM3: from 5.0% ± 2.3% to 0.4% ± 0.2%, p =

0.026) and CD8 T cells (PD-1: from 8.8% ± 2.6% to 1.3% ± 0.7%,

p = 0.009; TIM3: from 5.4% ± 2.6% to 0.8% ± 0.6%, p =

0.037) (Figure 6E).
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Discussion

CD5+ DLBCL accounts for approximately 10% of DLBCL,

which is commonly reported with inferior prognosis and higher

relapse probability of CNS. Our study revealed that CD5

positivity conferred inferior outcome in non-DE patients, but

not in DE patients, indicating that CD5+ should be paid more

attention among non-DE patients.

In our cohort, MYD88 was the most frequently mutated in

CD5+ non-DE DLBCL, consistent with the previous results that

MYD88 mutation is supposed to be a genetic feature of CD5+

DLBCL (28, 29). MYD88 is an adaptor protein, receives

stimulation from Toll-like and interleukin receptors, and

drives the activation of the nuclear factor-kB pathway (30).

Interestingly, it has recently been demonstrated that DLBCL

with mutant MYD88 exhibited with a macrophage-activating
B
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A

FIGURE 4

Transcriptional analysis of lipid metabolism alterations in CD5+ non-DE patients. (A) The most variable metabolic process upregulated in CD5+
non-DE (n = 20) patients (gene ratio above 0.00) or CD5− non-DE (n = 188) patients (gene ratio below 0.00) based on Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways. (B) Correlation between M2 proportions and signature scores of PPAR signaling pathway, ATP-binding
cassette transporters pathway, ether lipid metabolism, fatty acid metabolism pathway, and arachidonic acid metabolism pathway in non-DE
patients (n = 208). (C) Comparison of normalized CD36 expression between CD5+ non-DE (n = 20) and CD5− non-DE (n = 188) patients.
(D) Correlation between M2 proportion and normalized CD36 expression. P value was labeled in the graph. (E) Correlation between normalized
expression of CD36 and expression of chemokines or chemokine receptors including CCL16, CCL18, CCL2, CCL8, CCR2, CXCR1, and CXCR2.
The color gradient represents −log10 (p value), and the y-axis represents Pearson r.
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FIGURE 5

The therapeutic impacts of metformin on M2 lipid metabolism and CD36 expression. (A) Flow cytometry analysis of M2 macrophages (Q2)
proportion based on co-expression of CD68 and CD163 in PBMC control, coculture of PBMC and LY-10/CD5, and coculture of PBMC and LY-
10/vector for 72 h (B) Bar plot of M2 proportion in PBMC cocultured with LY-10/CD5 or LY-10/vector with or without 200 mM metformin
treatment for 72 h, summarized as mean ± SD (n = 3). (C) Flow cytometry analysis of CD36 expression on M2 macrophages comparing the
counts and median fluorescence intensity (MFI) of CD36 on M2 in PBMC cocultured with LY-10/CD5 or LY-10/vector with or without 200 mM
metformin treatment. (D) The normalized mRNA expression of CD36, FABP5, and FASN in THP-1–induced M2 cells with or without 200 mM
metformin treatment. (E) Oil red O staining of lipid droplets in THP-1–induced M2 cells with or without 200 mM metformin treatment.
(F) Expression of immune checkpoint PD-1 and TIM3 on CD4 and CD8 T cells after LY-10/CD5 cocultured with PBMC with or without 200 mM
metformin treatment for 72 h (G) Kaplan–Meier survival curves of PFS and OS in CD5+ non-DE patients with (n = 8) or without (n = 40)
metformin maintenance. * represented significant difference of P<0.05.
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secretion profile through exhibiting elevated CCL2 expression,

followed by an increase in macrophage-derived TGF-b1
secretion (31). Meanwhile, higher frequencies of FOXO1

mutation and TMSB4X mutation were also detected in CD5+

non-DE DBLCL. FOXO1 mutation is an unfavorable prognostic

factor in DLBCL (32). TMSB4X is regulated by TGF-b and

facilitated tumor metastasis in melanoma (33).

Comparable to MYD88 mutation, according to RNA

sequencing data, significant upregulation of macrophage

activation pathways and infiltration of M2 macrophages were

presented in CD5+ non-DE DLBCL, indicating the crucial role

of immunosuppressive cells in this subgroup. TGF-b–induced
protein (TGFBI) is predominantly secreted by CD163-positive

macrophages, which contributes to the suppressive TME (34). In

concordance with the increased proportion of M2 in non-DE

CD5+ DLBCL, the expression of immune checkpoint TIM3

(HAVCR2) was positively correlated with the proportion of M2
Frontiers in Oncology 11
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in our study. TIM3 expression on TAMs is conditionally

fostered by TGF-b and enhances macrophage activation to

promote tumor progression (35). On the other hand, the

fraction of NK cells was lower in the TME of CD5+ non-DE

DLBCL, which also supports the immunosuppressive

TME condition.

Moreover, comparable with the activation and infiltration of

macrophages in TME, the activation of macrophage-related

metabolism pathways such as the fatty acid metabolism

pathway (36) and the PPAR signaling pathway (37) and the

regulation of the lipid metabolic pathway were significantly

increased in CD5+ non-DE DLBCL. Fatty acid uptake is

initialized through CD36 internalization and contributes to

M2 polarization (19). Fatty acid metabolism not only supports

energy for M2 macrophages (38) but also impairs the antitumor

function of NK cells (39) and CD8+ T cells (40). In our cohort of

patients, the expression of CD36 was significantly elevated in
B
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FIGURE 6

The therapeutic impacts of sulfosuccinimidyl oleate (SSO) on M2 lipid metabolism and CD36 expression. (A) Bar plot of M2 proportion in PBMC
cocultured with LY-10/CD5 or LY-10/vector with or without 100 mM SSO treatment for 72 h, summarized as mean ± SD (n = 3). (B) Flow
cytometry analysis of CD36 expression on M2 macrophages comparing the counts and median fluorescence intensity (MFI) of CD36 on M2 in
PBMC cocultured with LY-10/CD5 or LY-10/vector with or without 100 mM SSO treatment. (C) The normalized mRNA expression of CD36,
FABP5, and FASN in THP-1–induced M2 cells with or without 100 mM SSO treatment. (D) Oil red O staining of lipid droplets in THP-1–induced
M2 cells with or without 100 mM SSO treatment. (E) Expression of immune checkpoint PD-1 and TIM3 on CD4 and CD8 T cells after LY-10/CD5
cocultured with PBMC with or without 100 mM metformin treatment for 72 h. * represented significant difference of P<0.05; ** represented
significant difference of P<0.01; *** represented significant difference of P<0.001. ns, no significance
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CD5+ non-DE lymphoma than its CD5− counterpart, consistent

with the previous findings that CD36 is one of the top variant

genes that distinguished CD5+ from CD5− DLBCL (41, 42).

Metformin, a traditional medicine for the regulation of

glucose metabolism, has additional functions on lipid

metabolisms. Lipid biogenesis can be downregulated by

metformin treatment, which targets sterol regulatory element-

binding protein-1c in fatty acid synthesis (43). The expression of

scavenger receptor CD36 can also be attenuated by metformin

and thus reduces triglyceride contents in cells (44, 45). As

displayed in our results, metformin significantly decreased the

M2 proportion and inhibited the expression of CD36, FABP5,

and FASN, leading to the reduction of lipid droplets in M2,

which indicated that lipid metabolism in M2 cells was interfered

by metformin. Interestingly, immune checkpoints (PD-1 and

TIM3) expression on T cells was downregulated, suggesting that

metformin treatment might overcome the immunosuppressive

TME in CD5+ non-DE DLBCL. Metformin maintenance

therapy did not achieve significantly higher PFS in CD5+ non-

DE DLBCL patients; this might be due to the limited number of

patients and the short duration of follow-up.

Taken together, in non-DE DLBCL, CD5+ lymphoma

represen ted an increased propor t ion o f M2 and

immunosuppressive TME through reprogrammed lipid

metabolism and conferred poor prognosis of patients upon R-

CHOP treatment. Metformin could target dysregulated fatty

acid metabolism through inhibiting CD36 expression onM2 and

M2 polarization, rendering the clinical rationale of metformin

treatment in CD5+ non-DE DLBCL.
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macrophages (Q2) proportion based on co-expression of CD68 and
CD163 in PBMCs cocultured with DB/CD5, with or without metformin/

SSO treatment for 72 h. Bar plot of M2 proportion in PBMC cocultured
with DB/CD5 with or without metformin/SSO treatment for 72 h,
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summarized as mean ± SD (n = 3). (B) Flow cytometry analysis of CD36
expression on M2 macrophages comparing the counts and median

fluorescence intensity (MFI) of CD36 on M2 in PBMC cocultured with
DB/CD5 with or without metformin/SSO treatment.
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