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Abstract

Background: Immunosuppressive medications are widely used for the prevention of allograft
rejection in transplantation and graft- versus-host disease after allogeneic hematopoietic stem cell
transplantation. Despite their clinical utility, these medications are accompanied by multiple off-
target effects, some of which may be mediated by their effects on mitochondria.

Methods: We examined the effect of commonly used immunosuppressive reagents,
mycophenolate mofetil (MMF), cyclosporine A (CsA), rapamycin, and tacrolimus on
mitochondrial function in human T-cells. T-cells were cultured in the presence of
immunosuppressive medications in a range of therapeutic doses. After incubation, mitochondrial
membrane potential, reactive oxygen species (ROS) production, and apoptotic cell death were
measured by flow cytometry after staining with DiOC6, MitoSOX Red, and Annexin V and 7-
AAD, respectively. Increases in cytosolic cytochrome ¢ were demonstrated by Western blot. T-cell
basal oxygen consumption rates were measured using a Seahorse bioanalyzer.

Results: T-cells demonstrated significant levels of mitochondrial depolarization after treatment
with therapeutic levels of MMF but not after treatment with CsA, tacrolimus, or rapamycin. Only
MMF induced T-cell ROS production and induced significant levels of apoptotic cell death that
were associated with increased levels of cytosolic cytochrome c. MMF decreased T-cell basal
oxygen consumption within its therapeutic range, and CsA demonstrated a trend toward this result.

Conclusions: The impairment of mitochondrial function by commonly used
immunosuppressive reagents may impair T-cell differentiation and function by decreasing energy
production, producing toxic ROS, and inducing apoptotic cell death.
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Introduction

Despite numerous advancements in medical therapies, organ transplantation remains the
gold standard therapy for end-stage organ disease. However, the acceptance of foreign tissue
requires the use of medications that suppress T-cell responses.12 It is increasingly
recognized that cell metabolism plays a critical role in T-cell activation, differentiation, and
function.3-% T-cells rely primarily on mitochondrial oxidative phosphorylation pathways to
generate ATP, although once activated, they also increase their utilization of glycolysis, a
process referred to as the “Warburg effect.”” Mitochondrial ATP production, CaZ* uptake,
and oxidative phosphorylation® all increase during T-cell activation and mitochondria
accumulate at the immune synapse during antigen recognition.?

With current immunosuppression regimens, the median survival of solid organ transplants
continues to improve, with 1-y survival exceeding 90% for many organs.19-12 The long-term
need for immunosuppression raises the concern of accumulating toxicities related to the use
of immunosuppressive medications. It has been demonstrated that some of these toxicities
are due to the effects of these medications on mitochondrial function. For example,
calcineurin inhibitors have been shown to cause mitochondrial dysfunction in kidney tubule
cells, potentially explaining the nephrotoxicity commonly caused by these medications.13.14
Kidney tubule cells treated with cyclosporine A (CsA) show mitochondrial swelling,
cytochrome c release, and decreased mitochondrial membrane potential, processes
associated with apoptotic cell death.1®> Mitochondrial dysfunction in endothelial cells caused
by CsA may also be responsible for the development of hypertension associated with this
medication.16 Furthermore, treatment of monocytes with mycophenolate mofetil (MMF) and
rapamycin has been shown to induce apoptosis.1’18 The effects of these medications on
mitochondria could help explain their toxicities in various tissues.

Mitochondria are intimately tied to T-cell immune function.® However, little is known about
the effect of immunosuppressive medications on T-cell mitochondrial function. The aim of
this study was therefore to investigate how commonly used immunosuppressive medications
affect the function of T-cell mitochondria, focusing on drug levels within clinically targeted
pharmacologic ranges.

Materials and methods

Materials

Jurkat cells, an immortalized line of human CD4+ T-lymphocyte cells, were obtained from
the American Tissue Culture Collection (TIB-152, Manassas, VA) and were maintained in a
5% CO, atmosphere at 37°C in complete Roswell Park Memorial Institute (RPMI) media
containing 10% heat-inactivated fetal bovine serum (Mediatech Inc, Manassas, VA),
penicillin/streptomycin (100 U/mL each), 0.05 mM beta-mercaptoethanol, 2 mM L-
glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, and 10 mM HEPES
(all obtained from Life Technologies, Carlsbad, CA). CsA, MMF, tacrolimus, and rapamycin
were obtained from Cayman Chemical (Ann Arbor, MI, items #12088, #13988, #10007965,
#13346). Stock solutions of CsA (5 mM), tacrolimus (5 mM), rapamycin (5 mM), and MMF
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(20 mM) were prepared in DMSO, aliquoted and stored at —20°C. MitoSOX Red and
MitoTracker Green fluorescent probes were obtained from Life Technologies. 7-Amino-
actinomycin D (7-AAD), annexin V, and 10 X annexin V staining buffer were obtained from
BD Biosciences (Franklin Lakes, NJ). Human tumor necrosis factor alpha was from Enzo
Life Sciences (Farmingdale, NY). Tween-20 was from SigmaeAldrich (St. Louis, MO).

Flow cytometry

Jurkat cells were plated at a density of 500,000 cells/mL in complete RPMI medium. CsA
was added to make final concentrations of 125, 250, and 500 nM. Final concentrations of
MMF were 3, 10, and 30 uM. Final concentrations of rapamycin were 5, 20, and 40 nM.
Final concentrations of tacrolimus were 6, 18, and 36 nM. Experimental concentrations were
calculated using commonly targeted blood levels of these medications to include therapeutic
and supratherapeutic levels. Targeted blood levels of tacrolimus after transplant range from 5
to 15 ng/mL, with higher levels being targeted soon after transplant and tapering slowly over
time. This range was used to calculate the molarity of the drug in solution, which was used
in the experimental conditions. The 6 nM and 18 nM conditions represent the lower and
upper limits of this therapeutic range, and 36 nM represents a supratherapeutic level. The
same method was used to determine the experimental conditions for CsA and MMF. After
24 h of incubation at 37°C, cells were harvested and assayed for mitochondrial membrane
potential, reactive oxygen species (ROS) production, apoptosis, as described below. Cell
staining was quantified using a BD LSRFortessa flow cytometer from BD Biosciences. Data
were analyzed using FlowJo software (Ashland, OR). Cells treated with 50 ng/mL human
tumor necrosis factor alpha for 24 h were used as a positive control for gating for ROS
production, apoptosis, and mitochondrial membrane potential assays.

Mitochondrial membrane potential

Mitochondrial membrane potential was assessed using the DiOC6 fluorescent probe.
Harvested Jurkat cells were resuspended in 50 nM staining solution and incubated for 15
min at 37°C. Cells were then washed and resuspended in PBS.

ROS production

Apoptosis

Superoxide production was quantified using MitoSOX Red. Harvested Jurkat cells were
resuspended in 50 nM MitoSOX Red staining solution. Cells were incubated at room
temperature protected from light for 30 min. Cells were then washed and resuspended in
PBS.

Apoptosis was assessed by dual staining with annexin V and 7-AAD using the PE Annexin
V Apoptosis Detection Kit | (#559763, BD Biosciences) at 4°C for 30 min.

Oxygen consumption

Jurkat cells were harvested and plated in 24-well plates in complete RPMI media and treated
with immunosuppressive reagents. The choice of which immunosuppressive reagents to test
was determined using data obtained in flow cytometry experiments. Those reagents with
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positive flow cytometry results were further assessed using the Seahorse Bio-analyzer. After
24 h incubation with CsA, cells were recounted and 75-150,000 cells per well were replated
in glucose-free RPMI media with 5 mM galactose on poly-D lysine-coated 24-well plates.
Cells were incubated with MMF for 4 h and replated as mentioned previously. A Seahorse
XFe24 Bioanalyzer (Seahorse Bioscience, Billerica, MA) was used to measure basal oxygen
consumption rates (OCRs) as previously described,19:20

Cytochrome c western blot

Jurkat cells were plated in complete 1 RPMI and 0, 3, 10, and 30 uM MMF was added to
each treatment group flask. Cells were then incubated overnight at 37°C in humidified air
and 5% CO,. After 24 h, cells were collected and mitochondrial and cytosolic cellular
fractions were separated using a cytochrome c release apoptosis assay kit after
manufacturer’s instructions (Abcam Cambridge, United Kingdom, product #65311). Protein
concentration was measured using a Bradford assay, and 20 g of protein was separated by
electrophoresis on “Any kD” polyacrylamide gels (Bio-Rad, Hercules, CA). Proteins were
then transferred to nitrocellulose membrane. The membrane was blocked for 1 h in 1% fish
gelatin and then incubated overnight with a 1:200 dilution of cytochrome ¢ antibody
provided with the cytochrome release kit. The membrane was washed 3 times in PBS
supplemented with 0.1% (v/v) Tween-20 (PBS-T). The membrane was then incubated for 1
h with HRP-conjugated goat anti-rabbit antibody (Jackson ImmunoResearch Laboratories,
Inc, West Grove, PA) at a 1:5000 dilution in PBS-T, and then washed 3 more times in PBS-T
and imaged using the Li-Cor Odyssey Imaging System (Lincoln, NE). Western blot
membranes were stripped of antibodies using Restore Plus Western Blot Stripping Buffer
(Thermo-Fisher Scientific) before reprobing with anti-GAPDH antibody (1:10,000 dilution
in PBS-T, Abcam, #ab181602), followed by HRP-conjugated goat anti-rabbit antibody
(1:5000 in PBS-T).

Statistical analysis

Results

Flow cytometry experiments were performed in quadruplicate. Seahorse assays were
performed in triplicate. Individual results are shown in graphical form, and the median and
range of each experimental condition are also indicated. Data were analyzed using GraphPad
Prism software (La Jolla, CA). Comparisons between experimental and control groups and
between each experimental group were performed by two-tailed unpaired Student’s £test,
and Pvalues < 0.05 were considered significant. P values were adjusted for multiple
comparisons using the Bonferroni correction. Pvalues significant after correction are
marked with an asterisk.

The mitochondrial membrane potential generated by proton pumps is essential to the process
of oxidative phosphorylation and is a key indicator of cell health. We used DiOCB6, a
fluorescent dye that accumulates primarily in mitochondria with active membrane potentials,
to measure mitochondrial membrane depolarization using a flow cytometric assay. We
observed that MMF caused a decrease in mitochondrial membrane potential in a
concentration-dependent manner at therapeutic (10 uM-3 uM) and supratherapeutic (30 uM)
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levels (Fig. 1A and B). CsA caused a trend toward decreased mitochondrial membrane
potential (P=0.01 and P=0.04 at 125 nm and 250 nm, respectively, when compared to
vehicle control), which were not significant after correction for multiple comparisons. In
contrast, neither rapamycin nor tacrolimus affected mitochondrial membrane potential at the
doses tested.

We next measured the production of mitochondrial ROS, which include superoxide and
hydrogen peroxide molecules, as an indicator of mitochondrial oxidative stress, damage, and
dysfunction after treatment with immunosuppressive reagents. We used MitoSOX Red to
assess ROS production in a flow cytometric assay. We found that MMF caused a significant
increase in ROS production both within and above its therapeutic range (Fig. 2A and B).
CsA, rapamycin, and tacrolimus had no effect on ROS production at the concentrations and
over the time period (24 h) tested.

Mitochondrial depolarization can be associated with the opening of mitochondrial
permeability transition pores, allowing cytochrome c release into the cytoplasm and the
initiation of the proteolytic caspase cascade that ultimately results in apoptotic cell death.
MMF treatment of Jurkat cells demonstrated a concentration-dependent increase in
apoptosis (Fig. 3A and B). The association of the apoptotic T-cell death with mitochondrial
dysfunction was supported by Western blot demonstrating an increase in cytosolic
cytochrome ¢ (Fig. 4). None of the other medications tested had significant effects on
apoptosis at the dosages and incubation time tested.

We next sought to investigate the functional impact of the two immunosuppressive
medications that caused mitochondrial membrane depolarization, MMF and CsA, on
mitochondrial metabolic function. For this purpose, we measured T-cell basal oxygen
consumption using a Seahorse bioanalyzer. Incubation with CsA for 24 h caused a trend
toward decreased basal oxygen consumption (Fig. 5A). Incubation of T-cells with MMF for
4 h caused a significant reduction in basal oxygen consumption at the lowest dose tested
(Fig. 5B).

Discussion

Immunosuppressive medications commonly used in organ transplantation have previously
been shown to cause dysfunction in endothelial cells and monocytes, providing a potential
mechanism for some of their known toxicities. Although the side effects of these
medications and their relationship to mitochondrial function are well documented, these
medications specifically target T-cells, which are reliant on mitochondrial function to supply
the energy needed to produce their effector functions. Here we demonstrated that MMF
causes a loss of mitochondrial membrane potential and increases ROS production associated
with increases in cytoplasmic cytochrome c levels and the induction of apoptotic cell death.
In comparison, CsA had a nonsignificant trend toward decreased mitochondrial membrane
potential, whereas rapamycin and tacrolimus demonstrated no effect on mitochondrial
function within their therapeutic dose ranges.
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MMF has previously been shown to decrease glucose up-take in human T-cells and inhibit
glycolysis, leading to decreased intracellular ATP content and apoptosis.2 MMF has also
been shown to cause preferential apoptosis of activated murine T-cells /7 vivo.22 We have
extended these observations to show a concentration-dependent effect of MMF on ROS
production and membrane potential, demonstrating these effects both within and above the
therapeutic range.

In contrast to the toxic effects of MMF, CsA did not cause apoptotic cell death. This is in
line with previous findings that CsA inhibits mitochondrial transition pore formation, which
allows the release of mitochondrial cytochrome c into the cytoplasm, a key step in the
initiation of apoptosis.16 Previous studies using 20-fold higher levels of CsA (10 uM) have
shown that at these levels CsA promotes apoptosis in Jurkat cells in association with
mitochondrial dysfunction.?3 These differences may be a consequence of CsA dosage: A
dose-dependent effect of CsA has been previously demonstrated such that nanomolar
concentrations decrease mitochondria transition pore opening, whereas micromolar
concentrations lead to mitochondrial membrane depolarization, cytochrome c translocation
to the cytosol, and apoptosis.2* Overall, our results indicate that therapeutic doses of CsA
may cause mitochondrial stress without causing apoptosis. Previous studies have shown that
tacrolimus causes increased apoptosis through ROS generation and decreased membrane
potential 2> However, these studies were performed using tacrolimus levels approximately
1000-fold higher than those used in our experiments. In another study by Migita et a/.,26
tacrolimus at lower concentrations of 20-200 ng/mL did not affect mitochondrial function.
We would attribute the differences in our results between CsA and tacrolimus, both
calcineurin inhibitors, to biochemical differences between the molecules themselves.
Calcineurin is widely expressed throughout the body, and so the potential of target effects of
these medications are numerous. Accordingly, CsA and tacrolimus have been shown to have
different effects in a wide variety of tissues despite their similar mechanisms of action.
These include vascular smooth muscle, osteoblasts, pancreatic beta cells, and others.17:27-29
These differences are reflected in the slightly different side effect profiles between CsA and
tacrolimus, and so one might expect that their effects in our study may also differ slightly.
29.30 With regard to rapamycin, we have confirmed previous studies that rapamycin, at
similar concentrations to those used in the present study, does not cause apoptosis in Jurkat
cells.31

We chose to work with Jurkat cells because, as CD4+ cells they play a critical role in the
acute cellular rejection most common among transplant recipients. As such, we felt that the
CDA4+ subset was an appropriate starting point from which to investigate the effects of these
medications on T-cells and their immune function more specifically. Indeed, there has been
some study into the effects of these medications on different T-cellsubsets. Calcineurin
inhibitors have been shown to decrease the amount of regulatory T-cells in the early
posteliver transplant period.32 Similarly, tacrolimus has been shown to inhibit clonal
expansion of naive T-cells and development of cytotoxic and memory T-cells. In contrast,
CsA treatment results in increased development of memory cells but has no effect on the
development of effector cytotoxic responses.33-34 MMF has also been shown to reduce the
amount of circulating CD4+, CD8+, and CD16+ lymphocytes.3° These results indicate that
these medications exert a more specific effect on T-cells than general toxicity; however,
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these studies focused only on the absolute count and immune responsiveness of these T-cell
subsets and did not evaluate their mitochondrial function in any way. And so, we feel that a
more detailed analysis of the mitochondrial function of these T-cell subsets is warranted, in
addition to further testing on human T-cells.

In summary, we have shown that MMF causes dose-dependent mitochondrial dysfunction
and apoptosis within and above its therapeutic range. In contrast, calcineurin inhibitors and
rapamycin cause little to no mitochondrial dysfunction or apoptosis at clinically relevant
doses. This research provides insight into the interconnected metabolic and immune
pathways in T-cells by demonstrating that common immunosuppressive drugs can cause
mitochondrial dysfunction and affect mitochondrial metabolism in human T-cells. We
believe these effects may contribute to the immunosuppressive effect of these medications
by interfering with critical mitochondrial functions required for T-cell activation. Although
these results demonstrate different degrees of mitochondrial dysfunction caused by these
medications, we believe that this is a potential explanation for any clinical data suggesting
superiority of one regimen over another. Therefore, we would not advocate for a particular
regimen over another based on these data alone. Further research should seek to continue to
enumerate the effects of these medications by focusing on primary cell lines and on specific
T-cell subsets.
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Membrane Potential

Effect of immunosuppression reagents on T-cell mitochondrial membrane potential. Jurkat
cells were incubated for 24 h with therapeutic and supratherapeutic levels of tacrolimus
(FK506), rapamycin (Rapa), cyclosporine A (CsA), and mycophenolate mofetil (MMF).
After 24-h incubation, cells were stained with DiOC6 and analyzed by flow cytometry for
mitochondrial membrane depolarization as assessed by decreased DiOC6 fluorescence. (A)
The percentage of cells with reduced DiOC6 staining is shown for each drug and
concentration in quadruplicate. The median and range of each data set is also shown. (B)
Representative flow cytometry after incubation with vehicle, 30 yM MMF, and TNF-a
control. Comparisons between treatment and vehicle control groups and between each
treatment groups were performed using a two-tailed unpaired Student’s £test. * P-values
were adjusted for multiple comparisons using the Bonferroni correction with a standard
significant Pvalue of 0.05. Significant P-values after correction are marked with an asterisk.
TNF-a = tumor necrosis factor alpha.
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Fig. 2 -

Effect of immunosuppression reagents on T-cell reactive oxygen species (ROS) production.
Jurkat cells were incubated for 24 h with therapeutic and supratherapeutic levels of
tacrolimus (FK506), rapamycin (Rapa), cyclosporine A (CsA), and mycophenolate mofetil
(MMF). After 24-h incubation, cells were stained with MitoSOX Red and analyzed by flow
cytometry for ROS production as assessed by increased MitoSOX fluorescence. (A) The
percentage of cells with increased MitoSOX staining is shown for each drug and
concentration in quadruplicate. The median and range are also indicated. (B) Representative
flow cytometry after incubation with vehicle control, 30 uM MMF, and TNF-a control.
Comparisons between treatment and vehicle control groups and between each treatment
group were performed using a two-tailed unpaired Student’s £test. * P-values were adjusted
for multiple comparisons using the Bonferroni correction with a standard significant Pvalue
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of 0.05. Significant P-values after correction are marked with an asterisk. TNF-a = tumor
necrosis factor alpha.
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Fig. 3—.

Effect of immunosuppression reagents on apoptotic T-cell death. Jurkat cells were incubated
for 24 h with therapeutic and supratherapeutic levels of tacrolimus (FK506), rapamycin
(Rapa), cyclosporine A (CsA), and mycophenolate mofetil (MMF). After 24-h incubation,
cells were stained with Annexin V and 7-AAD and analyzed by flow cytometry for
apoptotic cell death defined as 7-AAD+/Annexin V+ cells. (A) The percentage of apoptotic
cells is shown for each drug and concentration in quadruplicate. The median and range for
each treatment group are also shown. (B) Representative flow cytometry after incubation
with 30 uM MMF, vehicle control, and TNF-a—epositive control. Comparisons between
treatment and vehicle control groups and between each treatment groups were performed
using a two-tailed unpaired Student’s £test. * P-values were adjusted for multiple
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comparisons using the Bonferroni correction with a standard significant £ value of 0.05.
Significant P-values after correction are marked with an asterisk. TNF-a. = tumor necrosis
factor alpha.
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Trgeatment of T-cells with mycophenolate mofetil (MMF) results in increased cytosolic
cytochrome c. Jurkat cells were treated for 24 h with increasing concentrations of MMF and
their cytoplasmic fractions were isolated. Western blot analysis was then performed for
cytochrome ¢ and GAPDH (loading control).
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Fig. 5 -

Effect of immunosuppression reagents on T-cell basal oxygen consumption rate (OCR).
Jurkat cells OCR was measured after 4 h of treatment with mycophenolate mofetil (MMF)
and 24 h of treatment with cyclosporine A (CsA) at the concentrations shown. After 24 h,
cells were recounted and plated on poly-D lysine—treated Seahorse plates in glucose-free
RPMI media with 5 mM galactose. Cells incubated for 4 h were immediately replated. A
Seahorse bioanalyzer was then used to measure basal OCR following treatment with (A)
CsA and (B) MMF. Comparisons between treatment and vehicle control groups and between
each treatment group were performed using a two-tailed unpaired Student’s £test. *P-values
were adjusted for multiple comparisons using the Bonferroni correction with a standard
significant Pvalue of 0.05. Significant ~-values after correction are marked with an asterisk.

J Surg Res. Author manuscript; available in PMC 2021 May 01.



	Abstract
	Introduction
	Materials and methods
	Materials
	Flow cytometry
	Mitochondrial membrane potential
	ROS production
	Apoptosis
	Oxygen consumption
	Cytochrome c western blot
	Statistical analysis

	Results
	Discussion
	References
	Fig. 1 –
	Fig. 2 –
	Fig. 3 –
	Fig. 4 –
	Fig. 5 –

