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Tianjin, China
Background: Mitochondria are mainly involved in ATP production to meet the

energy demands of cells. Researchers are increasingly recognizing the

important role of mitochondria in the differentiation and activation of

hematopoietic cells, but research on how mitochondrial metabolism

influence different subsets of lymphocyte at different stages of differentiation

and activation are yet to be carried out. In this work, the mitochondrial

functions of lymphocytes were compared at different differentiation and

activation stages and included CD8+ T lymphocytes, CD4+ T lymphocytes, B

lymphocytes, NK cells as well as their subsets. For this purpose, a complete set

of methods was used to comprehensively analyze mitophagy levels,

mitochondrial reactive oxygen species (ROS), mitochondrial membrane

potential (MMP) and the mitochondrial mass (MM) of subsets of lymphocytes.

It is expected that this will provide a complete set of standards, and drawing the

mitochondrial metabolic map of lymphocyte subsets at different stages of

differentiation and activation.

Results and discussion: Of all lymphocytes, B cells had a relatively high

mitochondrial metabolic activity which was evident from the higher levels of

mitophagy, ROS, MMP and MM, and this reflected the highly heterogeneous

nature of the mitochondrial metabolism in lymphocytes. Among the B cell

subsets, pro-B cells had relatively higher levels of MM and MMP, while the

mitochondrial metabolism level of mature B cells was relatively low. Similarly,

among the subsets of CD4+ T cell, a relatively higher level of mitochondrial

metabolism was noted for naive CD4+ T cells. Finally, from the CD8+ T cell

subsets, CD8+ Tcm had relatively high levels of MM and MMP but relatively low

ones for mitophagy, with effector T cells displaying the opposite
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characteristics. Meanwhile, the autophagy-related genes of lymphoid

hematopoietic cells including hematopoietic stem cells, hematopoietic

progenitor cells and lymphocyte subsets were analyzed, which preliminarily

showed that these cells were heterogeneous in the selection of mitophagy

related Pink1/Park2, BNIP3/NIX and FUNDC1 pathways. The results showed

that compared with CD4+ T, CD8+ T and NK cells, B cells were more similar to

long-term hematopoietic stem cell (LT-HSC) and short-term hematopoietic

stem cell (ST-HSC) in terms of their participation in the Pink1/Park2 pathway, as

well as the degree to which the characteristics of autophagy pathway were

inherited from HSC. Compared with CLP and B cells, HSC are less involved in

BNIP3/NIX pathway. Among the B cell subsets, pro-B cells inherited the least

characteristics of HSC in participating in Pink1/Park2 pathway compared with

pre-B, immature B and immature B cells. Among CD4+ T cell subsets, nTreg
cells inherited the least characteristics of HSC in participating in Pink1/Park2

pathway compared with naive CD4+ T and memory CD4+ T cells. Among the

CD8+ T cell subsets, compared with CLP and effector CD8+ T cells, CD8+ Tcm

inherit the least characteristics of HSC in participating in Pink1/Park2 pathway.

Meanwhile, CLP, naive CD4+ T and effector CD8+ T were more involved in

BNIP3/NIX pathway than other lymphoid hematopoietic cells.

Conclusion: This study is expected to provide a complete set of methods and

basic reference values for future studies on the mitochondrial functions of

lymphocyte subsets at different stages of differentiation and activation in

physiological state, and also provides a standard and reference for the study

of infection and immunity based on mitochondrial metabolism.
KEYWORDS

metabolic map, mitophagy, hematopoietic stem cell, mitochondrial functions,
lymphocyte subsets
Introduction

The immune system includes the innate and adaptive

immunity which can protect the body against damage caused

by microorganisms from the surrounding environment (1, 2). It

involves interactions between different types of different cells,

with lymphocytes and their subsets forming the basis of this

defense mechanism. Basically, lymphocytes include NK cells, T

cells and B cells which, after proliferation and differentiation

from hematopoietic stem cells, go on to produce their
cell; ST-HSC, short-

ygen species; MMP,

ial mass; NK, Natural

t progenitor cell; CLP,

uffer saline; SSC, side

-distributed stochastic

approximation and

memory T cell.
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corresponding precursor cells that eventually differentiate into

mature cells. For example, hematopoietic stem cells first divide

asymmetrically to produce lymphoid progenitor cells which are

common to both B and T cells. The former then differentiate

from pro-B cells into pre-B cells that subsequently undergo

additional differentiation to produce immature and finally

mature B cells. On the other hand, T cells need to go through

positive and negative selection processes to first yield CD8+ and

CD4+ T cells prior to their subsequent differentiation into

various T cells with specific functions. In this case, the subset

of CD8+ T cell include effector CD8+ T, effector memory CD8+

(CD8+ Tem) and central memory CD8+ T (CD8+ Tcm), while

the subset for CD4+ T cells include nTreg cells, memory CD4+

and naive CD4+ T cells (3, 4).

Mitochondria, one of the most important organelles in cells,

is involved in producing ATP, regulating the formation of

reactive oxygen species, maintaining calcium balance as well as

participating in signal transmission, inflammation and cell death

(5, 6). Changes in mitochondrial functions due to oxidative
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phosphorylation injuries, autophagy disorders, inhibition of

apoptosis, abnormal energy metabolism, changes in signal

pathways and promotion of immune escape, may trigger the

occurrence of diseases, with some common examples being

blood system diseases, autoimmune diseases, cardiovascular

and cerebrovascular diseases, diabetes and malignant tumors

which are closely related to dysfunctions in mitochondrial

activities (7–9). In addition to mitochondrial functions, the

organelle’s characteristics such as mitophagy and reactive

oxygen species (ROS) levels, mitochondrial membrane

potential (MMP) and mitochondrial mass (MM) also play

important roles in the differentiation and activation of

different subsets of lymphocyte. These features reflect the role

of mitochondria in physiological and pathological processes

such as cell activity, stress and aging.

When immune responses are triggered, immune cells are

activated and they change from a relatively static metabolic state

to a highly active one (10). At this stage, the cells’ metabolism

needs to not only meet the requirements for ATP and metabolic

intermediates but also to act as a feedback mechanism that

provide signals to drive the required phenotypic changes of

immune cells (11). Therefore, the metabolism of immune cells is

very important for the cells’ functions and at the center of this

process are the mitochondria which contribute to the

differentiation and maturation of immune cells. In this

context, researchers generally believe that the heterogeneity of

mitochondrial functions causes B cells to undergo a significant

change from an initially quiescent state to anabolically-active

proliferating cells. During the subsequent clonal expansion of B

cells, the metabolism of glucose and glutamine is then

significantly enhanced (12), with other mitochondria-derived

compounds also contributing to B cell activation as well as its

effector functions. Furthermore, it has been reported that,

compared with primitive B cells, the level of phospholipids

produced by plasma cells also increases, with plasma cell

differentiation depending on the conversion of citrate from the

mitochondria to cytosolic acetyl CoA and oxaloacetic acid (13).

The above suggests that mitochondrial processes are important

for B cell activation as well as for the development of

plasma cells.

Similarly, the heterogeneity of mitochondrial functions also

produces various subsets of inflammatory and inhibitory CD4+

T helper cells, with differences in the role of mitochondrial

metabolism being particularly obvious when comparing Treg

cells and Th17 cells. Indeed, compared with Th17 cells, the level

of oxidative phosphorylation of Treg cells is higher but glycolysis

levels are lower (14). At the same time, mitochondrial

metabolism can regulate the formation of T cells. For example,

T cell activation results in the rapid uptake of glucose and

glutamine for producing ATP as well as the other cellular

component needed for cloning effector T cells. In addition, the
Frontiers in Immunology 03
mitochondria of effector T cells regulate anabolic processes,

while for memory T cells, ATP is produced through the

decomposition and metabolism of fatty acids to promote cell

survival (11). As far as NK cells are concerned, cellular

development and other processes, including proliferation is

dependent on glycolysis and oxidative phosphorylation (15).

In fact, for quiescent mature NK cells, oxidative phosphorylation

is generally sufficient to effectively generate the energy required

for cell balance, without the need to invest additional energy in

the synthesis of biochemical molecules. However, on activation,

this metabolic state is changed. However, the above studies lack a

complete comparison of mitochondrial metabolic functions

between lymphocytes at different stages of differentiation

and activation.

Since an immune cell’s metabolism is not only a means of

producing energy and other biomolecules but also determines

the cell ’s immune output, an in-depth study of the

mitochondrial metabolic pathway of immune cells can provide

a new strategy for the treatment of cancer and other immune-

related dysfunctions. For this purpose, this work aimed to detect

the ROS, MMP, MM and mitochondrial autophagy levels of

lymphocytes at different stages of differentiation and activation.

By using similar experimental conditions and system standards,

the characteristics of mitochondrial metabolism of these

lymphocytes were explored in view of providing a set of

reference methods and values for future studies on the

immune-related functions of mitochondrial metabolism.

Furthermore, an analysis of the heterogeneity of the

mitochondrial autophagy pathway in these lymphocytes was

performed based on single cell sequencing. It is expected that

these additional results will provide a foundation for future

studies that examine how mitochondrial functions could be

involved in malignant tumors, aging as well as blood,

cardiovascular and cerebrovascular diseases.
Materials and methods

Mice

C57BL/6J (B6) mice were maintained in the animal facility

of the Institute of Hematology. All experiments involving

animals were carried out according to the animal care

guidelines with approval of the Institutional Animal Care and

Use Commit tees o f the Sta te Key Labora tory of

Experimental Hematology.

Fourteen subpopulations of lymphocytes consisting of CD8+

T, CD4+ T, B and Natural Killer cells (NK) as well as their

subsets (effector CD8+ T, CD8+ Tem, CD8+ Tcm, naive CD8+ T,

memory CD4+ T, naive CD4+ T, nTreg, pro-B, pre-B, immature

B and mature B) were obtained from the flushed bone marrow of
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6-8-week-old mice (Figure S1). The cells were stained and

enriched as previously described (Figure S2) prior to flow

cytometry on BD Aria™ flow cytometer (BD Biosciences,

USA), with the results subsequently analyzed using FlowJo™

V10.6.1 (BD Biosciences, USA). Table S1 show the cell surface

markers used for immunophenotyping while Tables S2–S6 show

the antibodies used for staining.
Mitochondrial function detection

After isolating lymphocytes, the levels of mitophagy,

mitochondrial ROS, MMP and MM were measured based on

flow cytometry (BD Biosciences, USA). For this purpose, cell

concentrations were adjusted to 5×106 cells/ml for each tube and

after adding combinations of antibodies as listed in Tables S2–

S6, incubation was performed for 30 min at 4°C. This was

followed by the addition of 3 ml of phosphate buffer saline (PBS)

prior to centrifugation for 5 min at 1500 rpm. The supernatant

was then discarded and after adding 500 ml of a working solution
for detecting mitochondrial function, incubation was performed

in the dark for 20 min at 37°C. The addition of PBS (3 ml) and

subsequent centrifugation was then repeated as before. with the
Frontiers in Immunology 04
resulting pellet washed twice using a similar procedure. The

pellet was dissolved in 500 ml PBS and after filtering the solution

using a 30–70 mm nylon mesh, 3 ml of 7-AAD staining solution

was added, with the results analyzed within 1 h. In this case,

mitophagy, ROS, MMP and MM were detected by using

Mitophagy Dye working solution (100 nM), MitoSOX Red

working solution (5 mM), Mitotracker Red working solution

(30 nM) and Mitotracker Green working solution (100 nM)

respectively. The detailed procedure is provided as

supplementary information while Figure 1 shows a schematic

diagram of the study of mitochondria in different subsets

of lymphocytes.
Analysis of single-cell transcriptome data

Single-cell transcriptome data for hematopoietic stem cells

(HSCs), multipotent progenitor cells (MPPs), common

lymphoid progenitor cells (CLPs), and lymphocytes of mouse

bone marrow were extracted from the NCBI database

(GSE77098). This was followed by an analysis of nine genes

related to mitophagy in blood cells to determine their

expression levels.
FIGURE 1

Schematic diagram of mitochondrial functions in different subsets of lymphocytes.
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Data analysis

For all flow cytometry data, the mean fluorescence intensity

and standard deviation (SD) of each channel were determined.

For the t-distributed stochastic neighbor embedding (t-SNE)

and uniform manifold approximation and projection (UMAP)

diagrams, cells for which protein expression was similar are

close, while highly interconnected nodes cells represent those

having similar phenotypes in order to visualize different subsets

of cells. A heat map or a color dimension overlaid on the t-SNE

or UMAP diagrams show the final cell classification. In the t-

SNE and UMAP diagrams, the proximity of cells reflects their

distance in the high-dimensional space.

Data processing was carried out with the SPSS 26.0 statistical

software package. Normally-distributed data were presented as

the mean ± SD, with the results compared using ANOVA.

Groups with a uniform variance or an uneven one were

compared by applying the LSD method or Tamhane’s T2

method respectively. For non-normally distributed data, the

results were expressed as median with the interquartile range.

In addition, with the distribution being non-normal in this case,

groups were compared using the non-parametric Kruskal-Wallis

test. For all statistical tests, significant differences were indicated

by P-values of < 0.05. The GraphPad Prism 6 software were used

for all graphical representations.
Results

Mitochondrial functions of lymphocytes

UMAP, t-SNE and FlowSOM analyses showed that

lymphocytes could be divided into subgroups based on their

different phenotypes (Figure 2A, Figure S3). In order to study the

mitochondrial functions of these different subgroups, the levels

of mitophagy, ROS, MMP and MMwere then analyzed, with the

results, reflecting the mitochondrial functions of T, B and NK

cells, shown in Figures 2A, B. Globally, out of the four

lymphocytes, the level of mitochondrial function was the

highest for B cells, followed by NK and CD4+ T cells, with the

lowest level obtained for CD8+ T. More specifically, compared

with CD8+ T cells, CD4+ T cells had significantly higher levels of

MM, MMP and ROS. Similarly, B cells had the highest level of

MMP (P < 0.001) as well as a significantly higher mitophagy

level compared with CD4+ and CD8+ T cells, with NK cells also

having a significantly higher mitophagy level than CD8+ T cells

(Figure 2B). Finally, as far as ROS were concerned, the levels

were significantly higher for both B and NK cells compared with

CD4+ T and CD8+ T cells (Figure 2A).

In order to understand the expression level of autophagy-

related genes in mouse lymphocytes, the results of flow
Frontiers in Immunology 05
cytometry were combined with those obtained after the

analysis of data on single-cell gene expression extracted from

the NCBI database. The flow sorting phenotype of lymphocytes,

as observed from the database, was consistent with the one

which was experimentally determined (Figure S2A). The

expression of genes related to autophagy in different types of

cells within the lymphoid lineage is shown in the heat map and

this lays the foundation for exploring the heterogeneity of

mitochondrial pathway of the lymphocytes inheriting

hematopoietic stem cells (Figure 2C). The main autophagy-

related genes which were studied include Tax1bp1, Pink1,

Park2, Drp1, FUNDC1, Bcl-2, Optn, Nbr1 and Bcl2l13, with the

results indicating that their expression levels were significantly

different in different populations (Figure 2D). Of these, Bcl-2 is

mostly involved in the BNIP3/NIX pathway while Drp1 and

FUNDC1 mostly take part in the FUNDC1 pathway. As for the

remaining genes, they are mostly involved in the Pink1/Park2

pathway These results indicate that those three pathways could

be common during the process of mitochondrial autophagy in

different hematopoietic stem progenitor cells and lymphocytes,

and it is likely that they could be involved in the recruitment of

autophagy-related proteins. Furthermore, the results shows that

the heterogeneity of mitophagy in HSCs, MPPs, CLPs and

lymphocytes during lymphoid differentiation is reflected not

only in the number of mitophagy, but also in the heterogeneity

of dominant pathways of mitophagy in different cells.

Statistical analysis of the expression levels of autophagy-

related genes in lymphoid cells at different stages of

differentiation showed that Optn was significantly more

expressed in LT-HSC compared with CLP, CD8+ T and CD4+

T cells (P < 0.01). Similarly, a significantly higher expression

level was noted for ST-HSC compared with CD8+ T cells (P <

0.001), while in the case of B, Optn expression was significantly

higher than for CD4+ T and CD8+ T cells (P < 0.01). The other

gene, Tax1bp1, encodes an autophagy receptor that connects

ubiquitin to the membrane of an autophagosome membrane

during the selective autophagic clearance of damaged

mitochondria. In this case, a significantly lower expression

level of this gene was noted for CD4+ T compared with LT-

HSC, ST-HSC and MPP (P < 0.01). Altogether, the results

suggested that out of the four lymphocytes, B cells were more

similar to LT-HSC and ST-HSC in their level of involvement in

the Pink1/Park2 pathway as well as in terms of their greater

similarity to the autophagy pathway characteristics of HSC. In

contrast, CD4+ T, CD8+ T and NK cells were less involved in the

autophagy pathway and inherited less of the characteristics of

HSC. For the BNIP3/NIX pathway, the expression level of Bcl2

was significantly lower in LT-HSC and ST-HSC compared with

CLP and B cells (P < 0.05), thus indicating a lower involvement

of HSC in this particular pathway. The bioinformatics and

statistical analyses of these results showed that transcription

was heterogeneous and subgroup-specific in hematopoietic stem
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progenitor cells and lymphocytes, with the expression of

autophagy genes, in part icular , being significantly

heterogeneous among cell populations.

Side scatter characteristics (SSC) was used in order to

characterize the number of organelles in lymphocytes as an

indicator of the MM of hematopoietic cells. SSC reflects cells’

granularity, that is, the complexity of cell organelles in terms of

their types and numbers and the SSC results of lymphocytes and
Frontiers in Immunology
 06
their different subsets are shown in Figure 2A. Globally, it was

noted that the out of the four cell types, NK cells had the highest

SSC levels, followed by CD4+ T and CD8+ T cells, with B cells

having the lowest level (P < 0.001). In lymphocytes, the fact that

B cells had higher levels of mitochondrial functions but lower

SSC levels indicate a significantly lower number of organelles

such as ribosome, Golgi apparatus, endoplasmic reticulum and

lysosome in B cells.
A

B

D

C

FIGURE 2

(A) t-SNE, MM, SSC, MMP and ROS levels in B, CD4+ T, CD8+ T and NK cells (B) Mitophagy in B, CD4+ T, CD8+ T and NK cells (C) Heat map for
the expression level of autophagy-related genes in different types of hematopoietic cells during lymphoid differentiation (D) Statistics for the
expression level of autophagy-related genes. Normally-distributed data are presented as the mean ± SD, while non-normally-distributed ones
are presented as the median with the interquartile range. One-way ANOVA or the Kruskal–Wallis test was used for comparisons and
determining the P values. *P<0.05, **P<0.01, ***P<0.001.
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Mitochondrial functions in the
differentiation of B lymphocyte subsets

UMAP, t-SNE and FlowSOM analyses showed that, based

on phenotypic differences, B lymphocytes could be subdivided

into subsets. As previously described, the levels of mitophagy,

ROS, MMP and MM were used in order to study the

mitochondrial functions of these subsets, with the results for

pro-B, pre-B, immature B and mature B cells shown in

Figures 3A, B. Comparing B cells of different differentiation

stages indicate significantly higher MM and MMP levels in pro-

B compared with pre-B. Similar results were obtained when

comparing the MM levels of pro-B with those of immature B, as

well as when comparing immature B with mature B. These

results suggest that more primitive subpopulations harbor

higher MM levels than relatively more differentiated ones

(Figure 3A). As far as SSC levels were concerned, they were

significantly higher in poorly differentiated pro-B cells in

comparison with mature B, immature B and pre-B cells (P <

0.001), thus indicating that the organelle content was higher in

pro-B. Finally, results of mitophagy showed that, of all B cell

subsets, pre-B had the highest mitophagy level while mature B

had the lowest one. These results show that, compared with the

relatively primitive subpopulation, mitophagy levels were lower

in differentiated B cells (Figure 3B).

Statistical analyses of the expression of autophagy-related

genes in B cells of different differentiation stages showed that

Optn was significantly more expressed in LT-HSC compared

with MPP, CLP and pro-B cells (P < 0.05). As a serine/threonine

kinase, Pink1 can specifically locate depolarized mitochondria

for activating parkin through ubiquitin phosphorylation. The

recruitment of autophagy receptors subsequently induces

mitophagy. Pink1 expression was significantly lower in ST-

HSC compared with immature B cells (P < 0.05), while that of

Tax1bp1 was significantly lower in pro-B in comparison with

LT-HSC, ST-HSC, MPP and pre-B (P < 0.01). Thus, it appeared

that, among the subsets of B cells, pro-B cells inherited the least

characteristics of HSC in terms of their involvement in the

Pink1/Park2 pathway. For the BNIP3/NIX pathway, Bcl2 was

significantly more expressed in CLP compared with LT-HSC,

ST-HSC, pro-B, pre-B and immature B cells (P < 0.01), hence

indicating that CLP was strongly involved in this pathway

(Figures 3C, D).
Mitochondrial functions in the activation
of CD4+ T lymphocyte subsets

UMAP, t-SNE and FlowSOM analyses indicated that

phenotypic differences allowed CD4+ T lymphocytes to be

subdivided into different subsets. As described before, the

levels of mitophagy, ROS, MMP and MM were analyzed to
Frontiers in Immunology 07
determine the mitochondrial functions of these CD4+ T cell

subsets, with the results for memory CD4+ T, naive CD4+ T and

nTreg cells shown in Figures 4A, B. When comparing CD4+ T

cells at different stages of differentiation, it was found that the

MM, MMP, ROS and mitophagy levels were significantly higher

for naive CD4+ T compared with memory CD4+ T and nTreg.

Similarly, nTreg had a significantly higher MMP level but a

significantly lower mitophagy level than memory CD4+ T.

Hence, naive CD4+ T subsets had higher mitophagy, ROS,

MMP and MM levels in comparison with relatively more

differentiated ones. As far as SSC levels were concerned, of all

the subsets of CD4+ T, memory CD4+ T cells had the highest

levels, followed by naive CD4+ T and with nTreg cells having the

lowest ones (P < 0.001). Therefore, the results reflected the

heterogeneity in terms of organelle numbers.

Statistical analyses of the expression of autophagy-related

genes for CD4+ T cell at different differentiation and activation

stages indicated thatOptnwas more highly expressed in LT-HSC

and ST-HSC compared with nTreg, memory CD4+ T and naive

CD4+ T cells (P < 0.05). In addition, nTreg had a significantly

lower Tax1bp1 expression level than LT-HSC, ST-HSC andMPP

(P < 0.01), although that of ST-HSC was significantly higher

compared with naive CD4+ T cells (P < 0.01). These results

suggest that, of all subsets of CD4+ T cells, nTreg cells inherited

the least characteristics of HSC in terms of their participation in

the Pink1/Park2 pathway. Regarding the BNIP3/NIX pathway,

Bcl2 expression was significantly higher in naive CD4+ T cells in

comparison with LT-HSC and ST-HSC cells (P < 0.01), thus

showing that in a similar way to CLP, the former was more

involved in the BNIP3/NIX pathway (Figures 4C, D).
Mitochondrial functions in the activation
of CD8+ T lymphocyte subsets

UMAP, t-SNE and FlowSOM analyses showed that CD8+ T

lymphocytes could be divided into subsets having different

phenotypes. As described earlier, the levels of mitophagy, ROS,

MMP and MM were analyzed to determine the mitochondrial

functions of different CD8+ T cell subsets, with results for

effector CD8+ T, CD8+ Tem and CD8+ Tcm shown in

Figures 5A, B. When comparing activated subsets of CD8+ T

cells, the MM levels were statistically different, with CD8+ Tcm

having the highest levels, followed by naive CD8+ T, CD8+ Tem

and effector CD8+ T eventually having the lowest ones. Hence, it

was clear that relatively primitive subpopulations had higher

MM in comparison with relatively differentiated ones. Regarding

MMP levels, those of naive CD8+ T and CD8+ Tcm were

significantly higher compared with CD8+ Tem, while the latter

had significantly higher ROS levels compared with effector CD8+

T (Figure 5A). Finally, effector CD8+ T had a significantly higher

mitophagy level in comparison with both CD8+ Tcm and CD8+
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D

C

FIGURE 3

(A) t-SNE, MM, SSC, MMP and ROS levels in pro-B, pre-B, immature B and mature B cells (B) Mitophagy in pro-B, pre-B, immature B and mature
B cells (C) Heat map for the expression level of autophagy-related genes in B cells at different differentiation stages (D) Statistics for the
expression level of autophagy-related genes. Normally-distributed data are presented as the mean ± SD, while non-normally-distributed ones
are presented as the median with the interquartile range. One-way ANOVA or the Kruskal–Wallis test was used for comparisons and
determining the P values. *P<0.05, **P<0.01, ***P<0.001.
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Tem, thereby showing that subsets of activated T cells displayed

higher mitophagy (Figure 5B). Among the subsets of CD8+ T,

the cells’ order in increasing levels of SSC were naive CD8+ T,

CD8+ Tem, CD8+ Tcm and effector CD8+ T cells (P < 0.01),

hence indicating that active cells were of greater complexity and

had a higher number of organelles.
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Statistical analyses of the expression of autophagy-related genes

for CD8+ T cell at different differentiation and activation stages

indicated that Optn was significantly more expressed in LT-HSC

and ST-HSC compared with naive CD8+ T and CD8+ Tcm (P <

0.05), with CD8+ Tcm having a significantly lower level of Tax1bp1

expression in comparison with LT-HSC, ST-HSC,MPP, CLP, naive
A

B

D

C

FIGURE 4

(A) t-SNE, MM, SSC, MMP and ROS in nTreg, memory CD4+ T and naive CD4+ T cells (B) Mitophagy in memory CD4+ T, naive CD4+ T and nTreg
cells (C) Heat map for the expression levels of autophagy-related genes in CD4+ T cell at different differentiation and activation stages (D)
Statistics for the expression level of autophagy-related genes. Normally-distributed data are presented as the mean ± SD, while non-normally-
distributed ones are presented as the median with the interquartile range. One-way ANOVA or the Kruskal–Wallis test was used for comparisons
and determining the P values. *P<0.05, **P<0.01, ***P<0.001.
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CD8+ T and effector CD8+ T (P < 0.05). These results show that

CD8+ Tcm inherited the least characteristics of HSC in terms of

their participation in the Pink1/Park2 pathway, especially when

compared with CLP and effector CD8+ T cells. For the BNIP3/NIX

pathway, Bcl2 was significantly more expressed in naive CD8+ T

and effector CD8+ T cells compared with LT-HSC cells (P < 0.01),

thus indicating that, in a similar way to CLP, the former was more

involved in the BNIP3/NIX pathway (Figures 5C, D).
Frontiers in Immunology 10
Discussion

This exploratory work was focused on comparing the role of

mitochondrial metabolism in mouse lymphocytic cells at

different stages of their differentiation and activation. The

heterogeneity of the mitochondrial autophagy pathway as

inherited by lymphocyte subsets from hematopoietic stem cells

was then discussed. The results first showed that of all
A

B

D

C

FIGURE 5

(A) t-SNE, MM, SSC, MMP and ROS in effector CD8+ T, CD8+ Tem and CD8+ Tcm (B) Mitophagy in effector CD8+ T, CD8+ Tem and CD8+ Tcm
(C) Heat map for the expression levels of autophagy-related genes in CD8+ T cells at different differentiation and activation stages (D) Statistics
for the expression level of autophagy-related genes. Normally-distributed data are presented as the mean ± SD, while non-normally-distributed
ones are presented as the median with the interquartile range. One-way ANOVA or the Kruskal–Wallis test was used for comparisons and
determining the P values. *P<0.05, **P<0.01, ***P<0.001.
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lymphocytes, B cells had a relatively high mitochondrial

metabolic activity and among their subsets, MM and MMP

levels were relatively high in pro-B cells but mitochondrial

metabolism level was relatively low for mature B cells. This

could be due to the short survival cycle of mature B cells and the

impairment of mitochondrial functions which lead to

mitochondrial depolarization and a reduction in membrane

potential, with the ultimate result being a change in cell

membrane permeability and apoptosis (Figure 3A). Among

the subsets of CD4+ T cells, a relatively high level of

mitochondrial metabolism was noted for naive CD4+ T cells.

In addition, CD8+ Tcm had relatively high levels of MM and

MMP but relatively low levels of mitophagy, while effector T

cells displayed opposite characteristics. These cells also show

heterogeneity in the selection of FUNDC1, BNIP3/NIX and

Pink1/Park2 pathways for mitochondrial autophagy. In this

context, B cells showed greater similarity to LT-HSC and ST-

HSC in terms of their participation in the Pink1/Park2 pathway

as well as for inheriting most of the autophagy pathway

characteristics of HSC. On the other hand, among the subsets

of lymphocytes, pro-B, nTreg and CD8+ Tcm inherited the least

characteristics of HSC, especially in terms of their participation

in the Pink1/Park2 pathway.

Mitochondria are dynamic organelles which can change

their shapes and positions within cells, through coordinated

cycles of division and fusion, to regulate their own functions and

cell metabolism. Mitochondria can also coordinate immunity by

regulating the metabolism and physiological status of different

types of immune cells. For instance, they can regulate the

development, activation, proliferation, differentiation and

death of the cells. In addition, mitochondria have cell

specificity, and since their protein expression can be different

in different cells, the metabolic functions of mitochondria in

different types of cells can also vary. Mitochondria with complete

structures and normal functions are essential organelles to

maintain the stability of hematopoietic cells. In lymphocytes, B

cells have the highest levels of MM and ROS, and these not only

reflect the high level of mitochondrial metabolism of B cells but

also lead to an easier accumulation of mitochondria in B cells.

When mitochondria are damaged, excessive pressure signals are

generated to induce cell damage which eventually leads to

programmed cell death. Given that changes in mitochondrial

functions due to oxidative phosphorylation injury, abnormal

energy metabolism, inhibition of apoptosis, autophagy disorder,

promotion of immune escape and changes in signal pathways,

can influence the occurrence of diseases, mitochondrial

autophagy actually represents a cell defense mechanism which

selectively removes aging and damaged mitochondria to

promote mitochondrial renewal and maintain mitochondrial

functions. Therefore, for B cells, autophagy is an effective

mechanism to protect cells. Weak mitophagy and high

intracellular ROS levels are not conducive to the maintenance

of cellular functions and are prone to induce apoptosis.
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In lymphocytes, the levels of MM, MMP and ROS of CD4+ T

cells were significantly higher than those of CD8+ T cells

(P<0.05), reflecting the strong mitochondrial functions of

CD4+ T cells. This phenomenon may be related to a change in

the mitochondrial content of T cells during lineage development.

During the process of differentiation, T cells turn into a

metabolically active state characterized by “increased nutrient

intake, increased glutamine decomposition and increased

glycolysis metabolism” to meet the demand for active

proliferation. T cells also increase the mitochondrial pool, with

the mitochondrial content increasing accordingly. In the study

of immune cells, it was found that ROS played a very important

role in the process of T cell differentiation. The high

concentration of ROS in the environment was conducive to

the production of IL-2 and IL-4, promoting Th2 differentiation

and prolonging Th2-mediated immune response. The

corresponding low concentration of ROS promoted the

differentiation of Th1 and Th17. In addition, some studies also

showed that in CD8+ T cells, low MPP showed enhanced

persistence in vivo compared with high MMP. By activating

CD8+ T cells, the proliferation resulting from low membrane

potential is less than that induced by CD8+ T with high

membrane potential. CD8+ T cells can also enhance

autoimmunity and greater anti-tumor effects. The increase of

MMP is helpful to promote the secretion and function of effector

cytokines in various lymphocyte lineages. For example, in CD8+

T cells, high MPP displayed increased oxidative stress, DNA

damage response, cell cycle arrest and T cell failure, which

altogether may lead to T cell apoptosis. On the other hand,

low MMP is more effective in combating oxidative stress,

protecting against DNA damage and resisting apoptosis.

Therefore, the differences between CD4+ T cells and CD8+ T

cells at MM, MMP and ROS levels may indicate the

heterogeneity of lineage development (16–20).

The immune system is very important for resisting

infections and tumors. It consists of an adaptive and innate

system, with the former involving T and B lymphocytes. This

study found that the ROS levels of CD4+ T and CD8+ T cells

were significantly lower compared NK cells (Figure 3A), and this

could be due to the fact that cells of the adaptive immunity do

not rely mainly on ROS to perform effector functions. At the

same time, low levels of physiologically-related ROS are already

produced during the process of T cell development and

activation (21). Additionally, a significantly higher level of

mitochondrial metabolism was observed for naive CD4+ T

cells in comparison with nTreg and memory CD4+ T cells

(Figure 4A). These differences could be attributed to the low

nutrient absorption rate of naive T cells in a resting state as their

survival depends on the amount of ATP generated by oxidative

phosphorylation, driven by the oxidation of glucose, glutamine

and fatty acids (22). However, among the subset of CD8+ T cells,

effector CD8+ T cells had the lowest level of mitochondrial

metabolism (Figure 5A). This could have been because T cell
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activation results in an increased uptake of glucose in effector T

cells in order to carry out glycolysis for the rapid production of

ATP and for maintaining cellular functions through higher

mitophagy levels (19, 23, 24). Effector T cells depend on

glycolysis due to its link to mTOR activation. Indeed, mTOR

activation assist in development and differentiation of effector T

cell subsets (25–27). Treg cells can have regulatory functions

through its inhibitory effects on other immune cells and as such,

they can control both adaptive and innate immune responses.

However, instead of glycolysis as it is the case for effector T cells,

oxidative phosphorylation as well as fatty acid oxidation are key

for the differentiation of Treg cells and for maintaining their

immunomodulatory functions (28, 29).

The adaptive immunity is characterized by its ability to produce

long-lived memory cells. After an adaptive immune response,

especially in the later stages of immune effect, most effector T and

effector B cells undergo apoptosis. However, some differentiate into

antigen-specific memory cells which are preserved so that they can

rapidly proliferate under restimulation by an antigen, thus

providing immune memory protection for the body (30, 31). The

role and high heterogeneity of T cells in humoral and cellular

immune responses are much greater than for B cells. For instance,

the ROS levels of CD8+ Tcmwere lower compared with CD8+ Tem.

This could be due to decreased glycolysis during the development of

memory T cells as well as the fatty acid oxidation in mitochondria

to promote metabolism (Figure 5A). This enhanced mitochondrial

metabolism could be necessary to accelerate memory cells

proliferation in response to restimulation by homologous antigens.

The two subpopulations of memory T cells namely effector

memory T cells (Tem) and central memory T cells (Tcm) not

only participate in the maintenance of an immune cell bank, but

also play an important role in immune response (32). Among

these, TEM mediates protective memory by migrating to

peripheral inflammatory sites where they play effector

functions. TCM, on the other hand, is involved in reactive

memory. It is present in the T cell area of secondary lymphoid

organs, and even though it has practically no effector functions,

stimulation by an antigen can induce its proliferation and

subsequent differentiation into effector cells (33). Further

comparisons show that, unlike TCM, TEM can rapidly

perform effector functions to produce interferons under the

stimulation of antigen- g, interleukin-4 and interleukin-5,

amongst others. Furthermore, while TCM is highly sensitive to

antigen stimulation and can, to a certain extent, differentiate into

TEM and short-term effector T cells, TEM can only differentiate

into short-term effector T cells. Finally, compared with the latter,

memory T cells have a greater mitochondrial network with an

increased number of mitochondria that can display standby

respiratory capacity (Figure 5A). As far as NK cells are

concerned, being an important component of the innate

immune system, they can upregulate glycolysis levels during

activation and proliferation in response to increased cellular

demands for nucleotides, lipids and amino acids.
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Studies have shown that there is a dynamic balance in the

MM of cells, with mitochondrial distribution, arrangement,

numbers, size and morphology being different in cells which

are at different stages of differentiation and activation (34–36).

MMP is the mitochondrial transmembrane potential difference

formed when energy generated by the tricarboxylic acid cycle is

transferred to electrons. This potential difference pumps protons

from the matrix side of the mitochondrial inner membrane to

the outside of the inner membrane while the electrons are

transmitted through the respiratory chain (37, 38). Another

feature of mitochondrial function which was considered in this

study is ROS which represents an inevitable product of cell

metabolism. High levels of ROS in cells can directly or indirectly

participate in cell signal transduction and induce apoptosis, with

this process being common to tumors and many other diseases

(39, 40). However, it should be noted that while ROS are mainly

produced in mitochondria, the latter are also highly sensitive to

ROS which tend to induce oxidative damage through the

oxidation of mitochondrial cardiolipin, DNA as well as other

important proteins, before ultimately leading to apoptosis (41–

43). Under these conditions, mitochondria can undergo

autophagy whereby the cells selectively carry out the isolation

and degradation of incomplete or damaged mitochondria in

order to maintain cellular homeostasis as well as the integrity of

the mitochondrial network (44, 45). Therefore, levels of

mitochondrial autophagy, ROS, MMP and MM were selected

as the main parameters for evaluating the mitochondrial

functions of lymphocytes.

Previous studies have shown that in comparison with other

types of hematopoietic cells, HSCs have relatively low levels of

mitochondrial ROS, MMP and MM but relatively higher ones

for mitophagy. These differences could help to maintain the self-

renewal ability of HSC. Indeed, mitophagy regulates the levels of

MM and ROS in cells, and as such, it could be a means of

regulating the early directional differentiation of HSC.

Furthermore, compared with the other lymphocytes, B cells,

especially pre-B and immature B cells, inherited more metabolic

characteristics from HSC in terms of mitophagy quantity and

pathway selection. Compared with hematopoietic stem

progenitor cells, there was also greater heterogeneity in the

mitochondria l metabol ism and other funct ions of

lymphocytes. This heterogeneity in lymphocyte functions is

not only reflected at different differentiation and activation

stages, but also within the same lymphocyte population. The

results showed that the morphological and functional

heterogeneity of innate immune cells (NK) was stronger than

for adaptive immune cells (B, CD8+ T and CD4+ T). In B, CD8+

T and CD4+ T subpopulations, pro-B, nTreg and effector CD8
+ T

cell populations displayed greater heterogeneity than other cells

within the same subpopulation (Figure S4). The presence of this

heterogeneity suggests potential functional differences, including

in mitochondrial function, between single cells of the same

immunophenotype. However, such differences are likely to be
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missed in single-cell research. Therefore, compared with the

studies involving single cells, studying cellular functions based

on flow cytometry may better reflect the functional

characteristics of a lymphocyte population.

Lymphoid hematopoietic cells are considered to be a

heterogeneous cell population and they are largely involved in

immune functions. Mitochondrial autophagy is an important

mechanism that allows cells to regulate and maintain

mitochondrial homeostasis for ensuring their quality and

functions and this process is precisely regulated by over 30

autophagy-related genes. The heterogeneous nature of

mitochondrial autophagy is important for the differentiation

and activation of lymphoid hematopoietic cells. In fact, the

differential expression of lineage-related genes in lymphoid

hematopoietic cells leads to significant differences in the

transcription levels of these cells. Similarly, as far as

autophagy-related genes are concerned, additional analysis of

single-cell RNA-Seq data also indicated differences in their

transcription levels between different populations of lymphoid

hematopoietic cells. These differences can provide a better

understanding of the heterogeneity of mitochondrial

autophagy in lymphocytes at different differentiation and

activation stages. Furthermore, based on single-cell RNA-Seq

technology, the typical characteristics of different types of

lymphoid hematopoietic cells can be determined, especially in

terms of inherited mitochondrial autophagy functions.

In the bone marrow, lymphocytes first produce juvenile

lymphoid progenitor cells which then migrate to peripheral

lymphoid organs such as lymph nodes and spleen where they

mature. So, there are more primitive lymphocytes (pro B cells, T

lymphoid progenitor cells, etc.) in the bone marrow, while

lymph nodes and spleen, which are sites of immune response,

have a higher proportion of mature lymphocytes (mature B cells,

CD4+ T cells, CD8+ T cells, etc.). In the process of immune

response, the energy supply pathway of lymphocytes changes,

and the morphology as well as dynamics of mitochondria also

change (11, 46). Compared with the spleen and lymph nodes, the

lymphocytes in the bone marrow are mainly lymphoid

progenitor cells such as pro B cells, naive CD4+ T cells and

naive CD8+ T cells. The mitochondria of these juvenile

lymphocytes are mostly small and round, with the

mitochondrial membrane potential being low. In addition, the

synthesis of complex I and III, which are the production sites of

reactive oxygen species in the electron transfer chain, is reduced.

Therefore, the ROS produced by the mitochondria of

lymphocytes in the bone marrow is less than that in the spleen

and lymph nodes, with the energy metabolism being mainly

oxidative phosphorylation. In contrast, there is a higher

proportion of mature B cells, effector CD8+ T cells, memory T

cells and CD4+ Treg cells in the spleen and lymph nodes. The

mitochondria of these cells have a higher total mass and an

elongated oval shape. Moreover, their energy metabolism is

dominated by the aerobic glycolysis of lactic acid to supply the
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energy needed for the cellular immune response process. There

is also higher production of ROS as well as more frequent

mitochondrial autophagy to ensure sufficient substrate and

energy for the repair of mitochondrial damage (1, 19, 46, 47).

Antigen presentation refers to the process during which an

antigen is ingested and processed by antigen presenting cells

(macrophages, dendritic cells, etc.), before being presented on

the cell surface in the form of MHC complex and recognized by

immunocompetent lymphocytes. After recognition and binding

of antigen peptides with BCR, TCR and other lymphocyte

surface receptors, a series of signal transduction cascades occur

in the lymphocytes, and these ultimately enable lymphocytes to

undergo appropriate biological changes for immune response.

During the immune response, different lymphocytes play

different biological functions, and this requires specific changes

in the mitochondrial functions of different types of lymphocytes.

T cells differentiate into CD4+ T cells and CD8+ T cells through

single positive selection, with CD8+ T cells being mainly

involved in the killing of target cells. During the process of

transforming into effector T cells, the metabolic mode of cells

changes significantly. Mitochondria, as the center of anabolism,

also change significantly with the change in cell state. For

instance, in terms of shape, they extend from round to oval,

with more internal folds, more DNA synthesis and higher

membrane potential. Furthermore, their metabolism change to

the aerobic glycolysis of synthetic lactic acid, with more ROS

production and more mitochondrial autophagy so that cells can

rapidly proliferate and kill target cells (19).

Mitochondrial metabolic functions determine the lineage

differentiation of CD4+ T helper cells which is mainly regulated

by the generation of ROS necessary for NFAT, NF-kB and

proximal TCR signal transduction. For example, compared

with Th17 cells, the oxidative phosphorylation level of Treg

increases and the glycolytic flux decreases. Similar to T cells, B

cells also experience a major transformation in their metabolic

mode as they switch from their initial resting state to

proliferating cells. After binding with antigens, B cells greatly

enhance glucose and glutamine metabolism during cloning and

amplification. BCR stimulates the release of calcium ions into the

cytoplasm, promotes the production of ROS in mitochondria

and allows the activation of downstream signal pathways. In this

case, the level of ROS production affects the activation of

downstream signaling pathways. During antigen presentation,

NK cells promote various biological processes at the molecular

level by upregulating glycolysis and oxidative phosphorylation.

Generally speaking, resting mature NK cells maintain their cell

homeostasis mainly through oxidative phosphorylation. When

they are affected by proinflammatory cytokines such as IL2 and

IL12, they display a strong upregulation of glycolysis and

oxidative phosphorylation pathways (47–49).

BNIP/NIX is a protein containing only the BH3 domain

family which regulates mitochondrial autophagy and controls

the change of total mitochondrial mass during the immune
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response of lymphocytes (50). FUNDC1 protein can interact

with DNM1L/DRP1 and OPA1 proteins to regulate

mitochondrial fusion and division, while also regulating

mitochondrial autophagy. Therefore, it can couple changes in

mitochondrial dynamics with mitochondrial quality control

(51). Pink/Part2 is also related to the morphological and

dynamic changes of mitochondria (52). When lymphocytes

are in a resting state and change into a proliferating state, their

mitochondria play a synergistic role through the above three

ways to promote the division of the lymphocytes’ mitochondria.

The total mass of the mitochondria then increases, their

membrane potential increases and their inner folds also

increase so as to carry out more biochemical reactions that

provide the energy required by the lymphocytes for the immune

response. At the same time, they also generate more ROS or act

as a second messenger, with increased mitochondrial autophagy

promoting the repair of mitochondrial damage.

One limitation of this study was that instrument limitations

as well as the conditions for matching antibodies made it difficult

to carry out an in-depth analysis of the mitochondrial

metabolism of al l types of lymphoid and myeloid

hematopoietic cell subsets. Future works are expected to

include subsets of myeloid hematopoietic cell to explore the

mitochondrial functions in monocyte/macrophage subsets

(classical and non-classical monocytes/macrophage),

granulocyte subsets (myeloblast, promyelocyte, myelocyte and

metayelocyte) and erythroid cell subsets (BFU-E, CFU-E,

proerythroblasts and polychromatic erythrocytes). This will

add to the current understanding of the mitochondrial

functions of hematopoietic cells.

The heterogeneity of mitochondrial functions are important

for lymphoid hematopoietic differentiation. In this work, to

ensure uniformity, each mitochondrial feature was detected by

using the same flow cytometer at the same time. The voltage of

the photomultiplier tube of the target fluorescence channel was

also consistent in each flow template, with potential interference

from other fluoresceins on the target fluorescence channel

eliminated by regulating fluorescence compensation regulation.

In this way, the mitochondrial functions of 14 main types of

lymphocytes were determined at different differentiation and

activation stages simultaneously. This study compared the

mitochondrial metabolism of different lymphocytes and their

subsets to provide a complete set of methods and standards for

analyzing the mitochondrial mitophagy, ROS, MMP and MM

levels of hematopoietic cells, Furthermore, mitochondrial

metabolic maps of lymphocytes were drawn at different stages

of their differentiation and activation while single cell

sequencing technology allowed the heterogeneity of the

mitochondrial autophagy pathway, as inherited from lymphoid

hematopoietic cells, to be analyzed. The current results provide a

standard and reference for future studies involving

mitochondrial metabolism in subsets of myeloid cells,

especially since these functions are also closely related to the
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maintenance of hematopoietic homeostasis. Finally, this study

may serve as a reference in the study of tumor and aging-related

biomarkers based on mitochondrial metabolism.
Conclusions

In this work, the mitochondrial functions of lymphocytes

were compared at different differentiation and activation stages

and included CD8+ T lymphocytes, CD4+ T lymphocytes, B

lymphocytes, NK cells as well as their subsets. A complete set of

methods was used to comprehensively analyze mitophagy levels,

ROS, MMP and MM of subsets of lymphocytes. Of all

lymphocytes, B cells had a relatively high mitochondrial

metabolic activity which was evident from the higher levels of

mitophagy, ROS, MMP and MM, and this reflected the highly

heterogeneous nature of the mitochondrial metabolism

in lymphocytes.

Meanwhile, the autophagy-related genes of lymphoid

hematopoietic cells including hematopoietic stem cells,

hematopoietic progenitor cells and lymphocyte subsets were

analyzed, which preliminarily showed that these cells were

heterogeneous in the selection of mitophagy related Pink1/

Park2, BNIP3/NIX and FUNDC1 pathways. The results

showed that compared with CD4+ T, CD8+ T and NK cells, B

cells were more similar to LT-HSC and ST-HSC in terms of their

participation in the Pink1/Park2 pathway, as well as the degree

to which the characteristics of autophagy pathway were

inherited from HSC.
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murine T cell and intraepithelial lymphocyte maintenance and activation. Eur J
Immunol (2018) 48:1430–40. doi: 10.1002/eji.201646745

23. van der Windt GJW, Everts B, Chang CH, Curtis JD, Freitas TC, Amiel E,
et al. Mitochondrial respiratory capacity is a critical regulator of CD8+ T cell
memory development. Immunity (2012) 36 :68–78. doi : 10.1016/
j.immuni.2011.12.007

24. Li W, Zhang L. Rewiring mitochondrial metabolism for CD8+ T cell
memory formation and effective cancer immunotherapy. Front Immunol (2020)
11:1834. doi: 10.3389/fimmu.2020.01834

25. Huang H, Long L, Zhou P, Chapman NM, Chi H. mTOR signaling at the
crossroads of environmental signals and T-cell fate decisions. Immunol Rev (2020)
295:15–38. doi: 10.1111/imr.12845

26. Park J, Kim M, Kang SG, Jannasch AH, Cooper B, Patterson J, et al. Short-
chain fatty acids induce both effector and regulatory T cells by suppression of
histone deacetylases and regulation of the mTOR-S6K pathway. Mucosal Immunol
(2015) 8:80–93. doi: 10.1038/mi.2014.44

27. Zeng H, Chi H. mTOR signaling in the differentiation and function of
regulatory and effector T cells. Curr Opin Immunol (2017) 46:103–11. doi: 10.1016/
j.coi.2017.04.005

28. Cluxton D, Petrasca A, Moran B, Fletcher JM. Differential regulation of
human treg and Th17 cells by fatty acid synthesis and glycolysis. Front Immunol
(2019) 10:115. doi: 10.3389/fimmu.2019.00115

29. Wagner A, Wang C, Fessler J, DeTomaso D, Avila-Pacheco J, Kaminski J,
et al. Metabolic modeling of single Th17 cells reveals regulators of autoimmunity.
Cell (2021) 184:4168–85. doi: 10.1016/j.cell.2021.05.045

30. Corrado M, Pearce EL. Targeting memory T cell metabolism to improve
immunity. J Clin Invest (2022) 132:e148546. doi: 10.1172/JCI148546

31. Han J, Khatwani N, Searles TG, Turk MJ, Angeles CV. Memory CD8+ T cell
responses to cancer. Semin Immunol (2020) 49:101435. doi: 10.1016/
j.smim.2020.101435

32. Sallusto F, Geginat J, Lanzavecchia A. Central memory and effector memory
T cell subsets: Function, generation, and maintenance. Ann Rev Immunol (2004)
22:745–63. doi: 10.1146/annurev.immunol.22.012703.104702

33. Chen L, Shen Z. Tissue-resident memory T cells and their biological
characteristics in the recurrence of inflammatory skin disorders. Cell Mol
Immunol (2020) 17:64–75. doi: 10.1038/s41423-019-0291-4

34. Hu M, Wang J. Mitochondrial metabolism and the maintenance of
hematopoietic stem cell quiescence. Curr Opin Hematol (2019) 26:228–34.
doi: 10.1097/MOH.0000000000000507

35. Porcù E, Benetton M, Bisio V, Da Ros A, Tregnago C, Borella G, et al. The
long non-coding RNA CDK6-AS1 overexpression impacts on acute myeloid
Frontiers in Immunology 16
leukemia differentiation and mitochondrial dynamics. Iscience (2021) 24:103350.
doi: 10.1016/j.isci.2021.103350

36. Liang H, Dong S, Fu W, Zhang S, Yu W, Dong F, et al. Deciphering the
heterogeneity of mitochondrial functions during hematopoietic lineage
differentiation. Stem Cell Rev Rep (2022) 18:2179–94. doi: 10.1007/s12015-022-
10354-8

37. Zorova LD, Popkov VA, Plotnikov EY, Silachev DN, Pevzner IB, Jankauskas
SS, et al. Mitochondrial membrane potential. Anal Biochem (2017) 552:50–9.
doi: 10.1016/j.ab.2017.07.009

38. Kalpage HA, Bazylianska V, Recanati MA, Fite A, Liu J, Wan J, et al. Tissue-
specific regulation of cytochrome c by post-translational modifications:
Respiration, the mitochondrial membrane potential, ROS, and apoptosis. FASEB
J (2019) 33:1540–53. doi: 10.1096/fj.201801417R

39. Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial reactive oxygen species
(ROS) and ROS-induced ROS release. Physiol Rev (2014) 94:909–50. doi: 10.1152/
physrev.00026.2013

40. Turrens JF. Mitochondrial formation of reactive oxygen species. J Physiol
(2003) 552:335–44. doi: 10.1113/jphysiol.2003.049478

41. Sena LA, Chandel NS. Physiological roles of mitochondrial reactive oxygen
species. Mol Cell (2012) 48:158–67. doi: 10.1016/j.molcel.2012.09.025

42. Ito H, Kurokawa H, Matsui H. Mitochondrial reactive oxygen species and
heme, non-heme iron metabolism. Arch Biochem Biophys (2021) 700:108695.
doi: 10.1016/j.abb.2020.108695

43. Antonucci S, Di Lisa F, Kaludercic N. Mitochondrial reactive oxygen species
in physiology and disease. Cell Calcium (2021) 94:102344. doi: 10.1016/
j.ceca.2020.102344

44. Onishi M, Yamano K, Sato M, Matsuda N, Okamoto K. Molecular
mechanisms and physiological functions of mitophagy. EMBO J (2021) 40:
e104705. doi: 10.15252/embj.2020104705

45. Yoo SM, Jung YK. A molecular approach to mitophagy and mitochondrial
dynamics. Mol Cells (2018) 41:18–26. doi: 10.14348/molcells.2018.2277

46. Mills EL, Kelly B, O'Neill LAJ. Mitochondria are the powerhouses of
immunity. Nat Immunol (2017) 18:488–98. doi: 10.1038/ni.3704

47. Jang KJ, Mano H, Aoki K, Hayashi T, Muto A, Nambu Y, et al.
Mitochondrial function provides instructive signals for activation-induced b-cell
fates. Nat Commun (2015) 6:6750. doi: 10.1038/ncomms7750

48. Gerriets VA, Kishton RJ, Nichols AG, Macintyre AN, Inoue M, Ilkayeva O,
et al. Metabolic programming and PDHK1 control CD4+ T cell subsets and
inflammation. J Clin Invest (2015) 125:194–207. doi: 10.1172/JCI76012

49. Gardiner CM. NK cell metabolism. J Leukoc Biol (2019) 105:1235–42.
doi: 10.1002/JLB.MR0718-260R

50. Zhang J, Ney PA. Role of BNIP3 and NIX in cell death, autophagy, and
mitophagy. Cell Death Differ (2009) 16:939–46. doi: 10.1038/cdd.2009.16

51. Chen M, Chen Z, Wang Y, Tan Z, Zhu C, Li Y, et al. Mitophagy receptor
FUNDC1 regulates mitochondrial dynamics and mitophagy. Autophagy (2016)
12:689–702. doi: 10.1080/15548627.2016.1151580

52. Wang N, Zhu P, Huang R, Wang C, Sun L, Lan B, et al. PINK1: The guard of
mitochondria. Life Sci (2020) 259:118247. doi: 10.1016/j.lfs.2020.118247
frontiersin.org

https://doi.org/10.1016/j.cmet.2015.11.002
https://doi.org/10.1016/j.freeradbiomed.2018.03.004
https://doi.org/10.1002/eji.201646745
https://doi.org/10.1016/j.immuni.2011.12.007
https://doi.org/10.1016/j.immuni.2011.12.007
https://doi.org/10.3389/fimmu.2020.01834
https://doi.org/10.1111/imr.12845
https://doi.org/10.1038/mi.2014.44
https://doi.org/10.1016/j.coi.2017.04.005
https://doi.org/10.1016/j.coi.2017.04.005
https://doi.org/10.3389/fimmu.2019.00115
https://doi.org/10.1016/j.cell.2021.05.045
https://doi.org/10.1172/JCI148546
https://doi.org/10.1016/j.smim.2020.101435
https://doi.org/10.1016/j.smim.2020.101435
https://doi.org/10.1146/annurev.immunol.22.012703.104702
https://doi.org/10.1038/s41423-019-0291-4
https://doi.org/10.1097/MOH.0000000000000507
https://doi.org/10.1016/j.isci.2021.103350
https://doi.org/10.1007/s12015-022-10354-8
https://doi.org/10.1007/s12015-022-10354-8
https://doi.org/10.1016/j.ab.2017.07.009
https://doi.org/10.1096/fj.201801417R
https://doi.org/10.1152/physrev.00026.2013
https://doi.org/10.1152/physrev.00026.2013
https://doi.org/10.1113/jphysiol.2003.049478
https://doi.org/10.1016/j.molcel.2012.09.025
https://doi.org/10.1016/j.abb.2020.108695
https://doi.org/10.1016/j.ceca.2020.102344
https://doi.org/10.1016/j.ceca.2020.102344
https://doi.org/10.15252/embj.2020104705
https://doi.org/10.14348/molcells.2018.2277
https://doi.org/10.1038/ni.3704
https://doi.org/10.1038/ncomms7750
https://doi.org/10.1172/JCI76012
https://doi.org/10.1002/JLB.MR0718-260R
https://doi.org/10.1038/cdd.2009.16
https://doi.org/10.1080/15548627.2016.1151580
https://doi.org/10.1016/j.lfs.2020.118247
https://doi.org/10.3389/fimmu.2022.1061448
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Elucidating the mitochondrial function of murine lymphocyte subsets and the heterogeneity of the mitophagy pathway inherited from hematopoietic stem cells
	Introduction
	Materials and methods
	Mice
	Mitochondrial function detection
	Analysis of single-cell transcriptome data
	Data analysis

	Results
	Mitochondrial functions of lymphocytes
	Mitochondrial functions in the differentiation of B lymphocyte subsets
	Mitochondrial functions in the activation of CD4+ T lymphocyte subsets
	Mitochondrial functions in the activation of CD8+ T lymphocyte subsets

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



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

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


