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Cyclosporin-A has been known and used for a long time, since its “fast track” approval in

the early 80’s. This molecule has rapidly demonstrated unexpected immunosuppressive

properties, transforming the history of organ transplantation. Cyclosporin’s key effect

relies on modulation on T-lymphocyte activity, which explains its role in the prevention of

graft rejection. However, whether cyclosporin-A exerts other effects on immune system

remains to be determined. Until recently, cyclosporin-A was mainly used at a high-dose,

but given the drug toxicity and despite the fear of losing its immunosuppressive effects,

there is nowadays a tendency to decrease its dose. The literature has been reporting data

revealing a paradoxical effect of low dosage of cyclosporin-A. These low-doses appear

to have immunomodulatory properties, with different effects from high-doses on CD8+

T lymphocyte activation, auto-immune diseases, graft-vs.-host disease and cancer. The

aim of this review is to discuss the role of cyclosporin-A, not only as a consecrated

immunosuppressive agent, but also as an immunomodulatory drug when administrated

at low-dose. The use of low-dose cyclosporin-Amay become a new therapeutic strategy,

particularly to treat cancer.
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INTRODUCTION

Cyclosporin-A (CsA) is a fungus-derived molecule (Tolypocladium inflatum), discovered in 1970
by Borel and Stahelin (1) in an attempt to develop a new antifungal treatment (2, 3). In 1971, its
immunosuppressive properties were identified in a screening test (1, 4) and in 1976, its chemical
structure was determined (3, 5). CsA is a neutral, lipophilic, cyclic endecapeptide consisting of 11
amino acids with a molecular weight of 1202,6 Daltons (6–8).

High-dose CsA is a very potent and relatively selective inhibitor of T lymphocyte
activation, with minimal effects on already activated cytotoxic/suppressor CD8T cells,
granulocytes and macrophages, which represents a significant advantage compared to some other
immunosuppressive drugs (9). In addition, it has been shown that CsA has no effect on the function
of phagocytic cells, does not cause bonemarrow suppression (1, 7, 10, 11), and its action on immune
competent lymphocytes is reversible (1).

High-dose CsA selectively blocks T-cell receptor-induced proliferation, differentiation and
cytokine production (10–13), even though activated T-cells may still be able to express interleukin
2 receptor (IL-2R) and proliferate in the presence of interleukin 2 (IL-2) (14). The main target
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of CsA is the T-helper cell subset, however CsA also shows a
weak inhibitory effect on CD4+ CD25+ regulatory T-cells and
can therefore modulate the host immune tolerance (15). There is
also evidence that CsA may interfere with the function of some
B cell subsets, whose co-operation with T-cells is essential for
their activation (16) and antigen presentation by accessory cells
(2, 3, 17, 18). CsA can hamper B cells function both directly and
indirectly through interaction with T cells (19).

CsA belongs to the family of calcineurin inhibitors (for
further information on CsA mechanism of action please
see Figure 1). CsA binds with great affinity to cyclophilins,
and particularly to the cytosolic 17 kDa cyclophilin-A, a
family of cytoplasmic proteins present in most of the T-
cells (11, 20, 21). The drug-receptor complex specifically
and competitively binds to calcineurin, a calcium/calmodulin
dependent serine threonine protein phosphatase, provoking its
inhibition (11, 22). This process restricts the dephosphorylation
of a family of transcription factors, the nuclear factor of activated
T-cells (NFAT) family (23). High-dose CsA prevents NFAT’s
translocation from the cytoplasm to the nucleus, decreasing the
transcription of several immunologically important factors such
as interleukins (IL-2, IL-3, IL-4), tumor necrosis factor alpha
(TNF-α) and interferon-gamma (IFN-γ) (21, 22, 24, 25). For
instance, it has been demonstrated that high-dose CsA—but not
low dose CsA—directly inhibits the expression of NFATc1 and
IL-2 in human T cells from stimulated whole blood samples,
assessed by flow cytometry (23). Therefore, unlike other cytotoxic
immune suppressors, CsA does not kill the immune effector cells
but rather selectively inhibits their proliferative activation and
expansion, mainly by interfering with IL-2 synthesis, which is
essential for the activation and differentiation of T lymphocytes.

Upon administration, CsA is found widely distributed in
the extravascular space, with an average apparent distribution
volume of 3.5 L/kg. In the blood, the distribution is as follows:
33–47% in plasma, 4–9% in lymphocytes, 5–12% in granulocytes
and 41–58% in red blood cells. In plasma, about 90% of CsA is
bound to proteins, mainly lipoproteins (7).

CsA is metabolized mainly by the liver to about 15
metabolites, through the cytochrome P450 3A4 (CYP3A4) and
P-glycoprotein. The main metabolic pathways involved are
monohydroxylation, dihydroxylation, and N-demethylation at
different positions within in the molecule (26).

The bioavailability of CsA is influenced by its intestinal
absorption, which leads to inter-individual variability (27).
Several factors are known to have an impact on intestinal
absorption, such as: time post-graft, bile flow, dietary
composition, gastrointestinal state, liver function, small
bowel length and vehicle of CsA (15). The elimination occurs
essentially by biliary excretion and feces (11), with only 6%
of the dose excreted in the urine after oral administration (8).
The terminal elimination half-life varies from 6.3 h in healthy

Abbreviations: CsA, cyclosporin-A; EAE, experimental allergic

encephalomyelitis; GVHD, graft-vs.-host disease; GVL, graft-vs.-leukemia;

HLA, human leukocyte antigen; HSCT, hematopoietic stem cell transplantation;

IL-2, interleukin 2; IL-2R, interleukin 2 receptor; IFN-γ, interferon-gamma; NFAT,

nuclear factor of activated T-cells; TNF-α, tumor necrosis factor alpha.

TABLE 1 | Characterization of cyclosporin-A (CsA) dose effects.

High-dose CsA Low-dose CsA

Dose per day ≥4–5 mg/kg ≤3 mg/kg

Target concentration >150 ng/ml <150 ng/ml

T-cell proliferation Decreased/abolished Maintained

Cytokine production Decreased/abolished Maintained

Increased auto-immunity No Yes

Increased anti-cancer immunity No Yes

volunteers to 20.4 h in patients with severe hepatic disease. The
half-life in renal transplant patients is ∼11 h, ranging from 4 to
25 h (26, 28). The time to peak blood CsA concentration ranges
from 1.2 to 2 h following oral administration.

CsA IN CLINICAL SETTINGS

High-Dose CsA
Rapidly after its discovery, CsA has changed paradigms in the
immunosuppression field due to its ability to prevent acute organ
rejection and thus improve overall survival in kidney (29) and in
liver transplant (30). The first treated patient was a 28-year-old
woman who received a liver transplant in 1980 (30).

The success of the clinical use of CsA led to its rapid approval
by the Food and Drug Administration (FDA) in 1983 (31) and it
has fundamentally transformed the field of organ transplantation
compared to other immune suppressants (32). Beside its role
to prevent rejection after solid organ transplantation, CsA is
also indicated for preventive or curative treatment of graft-
vs.-host disease (GVHD) (33) and treatment of inflammatory
disorders such as psoriasis (34), atopic dermatitis (35), nephrotic
syndromes (36), or rheumatoid arthritis (37).

Adverse effects of CsA include: nephrotoxicity, neurotoxicity
(convulsions, encephalopathy, anxiety, and headache),
hepatotoxicity, cardiovascular toxicity (hypertension,
arrhythmia), diarrhea, endocrinological, and metabolic toxicity
(dyslipidemia, hypomagnesaemia, hyperkalemia, gynecomastia,
and hypertrichosis). Unfortunately, these undesirable toxicities
emerged simultaneously with CsA’s immunosuppressive benefits.
In the early era, CsA was used at high doses, up to 25 mg/kg per
day following transplant (7, 29). These unacceptable toxicities
then led to a necessary dose reduction.

Low-Dose CsA
If doses above 20 mg/kg per day can be defined without doubt
as high doses, the definition of “low-dose” CsA is less clear.
In general, CsA is initially administrated up to 20 mg/kg per
day following solid organ transplant in adults, then decreased
every week until 5 to 10 mg/kg per day. In auto-immune and
inflammatory diseases, CsA is rather used at doses around 4
to 6 mg/kg per day. After allogeneic hematopoietic stem cell
transplantation (HSCT), CsA is often prescribed at 1 mg/kg
per day and adjusted to provide therapeutic blood levels from
150 to 400 ng/mL (38), even though the target concentration
can vary depending on clinical protocols, type of allograft, risk
of rejection, concomitant immunosuppressive medications, and
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FIGURE 1 | Mechanism of action of CsA: inhibition of T-cells proliferation by blocking IL-2 transcription.

toxicity (32, 38). Doses below 3 mg/kg per day are generally
considered as low doses, and doses above 4 mg/kg can already
be considered as high doses depending on studies.

The first attempts of lowering CsA doses aimed at decreasing
its side effects while maintaining optimal efficacy. The
nephrotoxicity of CsA correlates with duration of treatment
and dose, and is reversible after dose reduction. The fear
of losing the immunosuppressive effect of CsA due to dose
reduction led to the development of protocols including
antilymphocytic antibodies in the early post-transplant period
(39), also allowing to avoid early CsA exposure before full
recovery of the allograft function. Subsequently, decreasing
the dose of CsA demonstrated improved outcomes in organ
transplant (4, 40).

As detailed below, several reports revealed a paradoxical effect
of low dosage CsA, such as immunomodulatory properties (14,
41), anti-GVHD (42), and anti-cancer effects (43).

CLINICAL APPLICATIONS FOR
LOW-DOSE CsA

Immunomodulatory Properties
If high-dose CsA inhibits T-cells activation, evidence shows
that low-dose CsA can induce pro-inflammatory cytokines, as
well as autoimmunity and immune hyperreactivity (14). The
suppressive activity of CsA on T lymphocytes was first challenged
by Bretscher et al. (44), who found that low-dose CsA can activate
the cell-mediated immune response (Table 1). It has also been
suggested that low-dose CsA inhibits regulatory T-cells activity in
vitro whereas this effect is weak with higher doses (45). Low-dose
CsA may therefore be considered to stimulate immune response
in specific conditions (41).

In mice models, it has been shown that low-dose CsA induces
pro-inflammatory cytokines such as IL-12, IFN-γ and TNF-α
(46). Another study demonstrated that mice treated with low-
dose CsA (5 × 10−55 mg/kg per day) presented an accelerated
allograft skin rejection, a decreased CD4+ CD25hi FoxP3+

regulatory T-cell subpopulation, and an activation of innate
immunity, when compared to animals receiving high-dose CsA
(15 mg/kg per day) or placebo (46).

Under some circumstances, CsA can paradoxically augment
delayed-type hypersensitivity responses, aggravate autoimmune
diseases and induce specific forms of autoimmunity (14). The
authors reported that CsA can aggravate and/or induce relapse
in several autoimmune diseases including collagen-induced
arthritis, encephalomyelitis and autoimmune thyroiditis,
suggesting that CsA may enhance immune responses by
inactivating suppressor cells, altering Th1/Th2 antagonism
or promoting T cell activation through a CsA-resistant
IL2-independent T cell activation (14).

In a study on experimental allergic encephalomyelitis (EAE)
in rats, low-dose CsA (3 mg/kg per day) had a minor
protective effect during the acute disease state (day 10 to
17 post-immunization) (47). However, while EAE control
rats recovered from the disease, rats treated with low-dose
CsA presented a severe disease relapse 20–30 days post
immunization, whereas high-dose CsA (20 mg/kg per day)
completely protected rats from EAE. This relapse was associated
to increased numbers of cells spontaneously producing IFN-γ
in the central nervous system and regional lymph nodes. The
authors also showed an increase of anti-myelin and anti-MBP
(myelin basic protein) secreting cells, as well as primed T cells
that produced IFN-γ in response to myelin antigens. They
suggested that low-dose CsA could interfere with systemic
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down-regulatory mechanisms acting on both T-cell and B-cell
myelin-directed autoimmunity.

GVHD
Immunosuppression is crucial in solid organ transplant to
prevent rejection, but also in allogeneic HSCT to prevent GVHD.
CsA associated with a short course of methotrexate has been the
most common immunosuppressive regimen in allogeneic HSCT
since CsA’s approval in 1983 (5, 48). CsA was initially used at
doses up to 10 to 20 mg/kg per day, and subsequently lowered
to 3 to 5 mg/kg per day because of unacceptable toxicity.

It has been shown that high-dose CsA efficiently reduces
the incidence of severe GVHD, but also decreases the graft-
vs.-leukemia (GVL) effect, increasing the rate of leukemic
relapses (49). In contrast, Olsson et al. (42) demonstrated
that low-dose CsA (1 mg/kg I.V per day) improved survival
in leukemic recipients of HLA-identical sibling transplants in
comparison with high-dose CsA (5 to 7.5 mg/kg I.V per day).
This retrospective study reported that, compared to patients
on high-dose CsA, patients on low-dose CsA had an increased
probability of developing acute GVHD grades I-II (70 vs. 53%,
p < 0.01), and chronic GVHD (58 vs. 25%, p < 0.01), whereas
the incidences of acute GVHD grades III–IV (9 vs. 5%, p= 0.62)
and non-relapse mortality (20 vs. 22%, p = 0.58) were similar.
This was associated with a decreased probability of relapse (31
vs. 54% P < 0.01) and an improved relapse-free survival (56
vs. 38%, p < 0.04) and overall survival (61 vs. 40%, p < 0.04)
under low-dose CsA regimen. In multivariate analyses, low-
dose CsA remained strongly associated with chronic GVHD
(hazard ratio 2.56, p < 0.01), decreased risk of relapse (hazard
ratio 0.46, p < 0.01) and increased probability of survival
(hazard ratio 1.84, p < 0.01).

These results suggest that low-dose CsA used for GVHD
prophylaxis in allogeneic HSCT could improve survival by
improving GVL effect without increasing severe acute GVHD—
keeping in mind that this is a retrospective study, restricted to
HLA-identical sibling transplants recipients treated for leukemia.

To note, it has also been suggested that selective NFAT
targeting in T cells could improve GVHD while maintaining the
beneficial GVL effect (50).

Cancer
Anti-cancer therapy is perhaps the most significant application
for low-dose CsA and its putative role in immune system
activation. In a phase I/II trial on 44 patients with advanced non-
small cell lung carcinoma (NSCLC), low-dose CsA (1-2 mg/kg
per day) was compared to high-dose CsA (3-6 mg/kg per day)
in association with Etoposide and Cisplatine (43). In this small
series, the authors reported a significant increase in survival of
patients treated with low-dose CsA, with a 2-year survival of 25%
compared to 4% with high-dose CsA. The Kaplan-Meier survival
curves were significantly different for these two groups by the log-
rank test (p = 0.047). Although no conclusions should be drawn
from this small study, this suggests that low-dose CsA could, in
some situations, be a therapeutic approach in cancer.

CsA is known to be a specific inhibitor of the nuclear factor
of activated T-cells (NFAT) pathway (Figure 1), and emerging
evidence suggests that NFAT signaling plays an important role in

tumorigenesis and tumor growth. The overexpression of several
isoforms of NFAT has been detected in pancreatic, pulmonary
or hepatic carcinomas, as compared with their corresponding
normal tissues (51–53). The isoform NFATc1 seems to act
as an oncogene as a constitutively active form of NFATc1
is able to induce neoplastic transformation of fibroblast cells,
whereas the isoform NFATc2 rather seems to act as a tumor
suppressor (54). NFATc1 has been shown to promote tumor
progression in pancreatic cancer (51), melanoma (55), and
breast cancer (56), and to be implicated in lymphangiogenesis
(57). Some studies have demonstrated an antitumor effect of
various doses of cyclosporin A in bladder (58) and prostate
cancer (59).

At high doses, it has been shown that CsA is able to reduce
the growth of cancer cells in vitro, by inducing cycle cell arrest,
apoptosis or necroptosis in colon cancer (60, 61), gastric cancer
(62) or squamous cell carcinoma (63). CsA’s impact in these
studies however seems to be mainly tumoristatic, and is not
observed for all cancer cells: for instance, breast cancer cells are
refractory to CsA (60). To our knowledge, no published study has
demonstrated a direct effect of low-dose CsA on cancer cells.

In hematology, low-dose CsA has also been used in
combination with Cytarabine and Daunorubicine in patients
with acute myeloid leukemia (64). The complete hematological
remission rate after the first cycle of induction was higher in the
CsA group (63.6 vs. 30%; p = 0.09). However, relapse rate and
mortality were higher in the CsA group, resulting in the lack of
significant improvement in outcome. Despite these disappointing
results, the increase of response rate can suggest an anti-leukemic
effect of low-dose CsA.

Considering the action of CsA on T-cells, it was suggested
that CsA could be potentially effective in the treatment of T-
cell neoplasms. A study was performed in 16 patients with
refractory T-cell lymphoma (peripheral T-cell lymphoma or
cutaneous T-cell lymphoma) using high-dose CsA (15 mg/kg
per day) (65). Most patients in this trial did not respond to
high-dose CsA, suggesting either that these malignancies are
IL-2 independent or that CsA could not reach its intracellular
target. Only two patients responded to high-dose CsA, but
rapidly relapsed after a temporary halt in therapy, arguing for
a cytostatic or anti-inflammatory effect rather than a cytotoxic
effect of CsA. However, this study has limitations regarding
our subject of interest since it assessed only high-dose CsA
and lack of efficacy of CsA monotherapy in these high-risk
diseases could be expected. To our knowledge, no study has
been conducted with low-dose CsA on hematologic neoplasms,
therefore, CsA’s role on anti-tumor immunity in this setting
remains unknown.

More recently, a case report described a remarkable efficacy of
CsA in a patient with advanced thymoma (66). CsA was used at 5
mg/kg per day and was then adjusted to maintain serum levels of
100–150 ng/ml, corresponding to a low-dose CsA regimen. The
patient, initially diagnosed with a microinvasive thymoma and
subjected to thymectomy, relapsed 10 years later with the same
histology. After being treated with methylprednisolone pulses
followed by a complete resection of the recurrent thymoma, the
patient relapsed with disseminated recurrent thymoma and pure
red blood cell aplasia, for which she received CsA. Interestingly,
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the patient was cured for red blood cell aplasia and all thymoma
lesions disappeared without any additional therapy.

The potential therapeutic window of CsA appears to be
relatively narrow in the context of cancer, particularly because
of its controversial effect on regulatory T cells (T-regs). In
some studies, low-dose CsA has been shown to inhibit T-
regs activity in vitro whereas this effect was weak with higher
doses (45). However, in patients with atopic dermatitis, low-
dose CsA increased (67), while high-dose CsA reduced (68),
the T-reg population. In mice, treatment with low-dose CsA
was shown to decrease the T-reg population and accelerate graft
rejection (46), while low-dose CsA induced tolerance in a model
of kidney graft with strong histoincompatibility in rats (69).
In another study in mice, high-dose CsA inhibited T-regs and
impaired their immunosuppressive function (70). Since T-regs
are usually considered to promote tumors, low-dose CsA could
be detrimental in some cancer settings. However, T-regs are a
heterogeneous subset of immunosuppressive T cells, which do
not always favor tumor progression and can be beneficial to the
patient (71).

In summary, even though clinical data are scarce, low-dose
CsA could represent an effective, safe, low-cost therapy for
several kinds of cancer. However, the impact of low-dose CsA on
tumors requires further studies to increase our understanding of
its immunological effects.

CONCLUSION AND PERSPECTIVES

CsA is a molecule known and used for almost 40 years for its
immunosuppressive properties. Over time, it has been revealed

that CsA is able to activate or inhibit the immune system, in a

dose dependent manner. Thus, one could suggest several possible
uses of CsA, adapting the dose to the desired impact. Low-
dose CsA seems to have a negative effect on situations like
hyper-reactivity and autoimmune diseases. However, in cases
such as allogeneic HSCT and GVHD prophylaxis, low-dose
CsA has proven its efficacy. There are significant arguments to
support low-dose of CsA as a promising strategy in the arsenal
against cancer, whether as monotherapy or in combination with
drugs. Further investigations on its therapeutic efficacy and
prognosis impact are yet needed. We are currently observing
an increased use of immunotherapies such as anti-checkpoint
inhibitors or CAR-T cells. CsA combination may modulate
immunotherapies either at high-dose, decreasing their toxicities,
or at low-dose to increase their efficacy. Low-dose CsA may give
rise to major contributions to medicine and notably to the field
of oncoimmunology.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and
intellectual contribution to the work, and approved it
for publication.

ACKNOWLEDGMENTS

CF is supported by Fondation pour la Recherche Médicale
(FRM). GF is supported by Institut National du Cancer (INCA).
This work was supported by the Ligue Nationale contre le Cancer
(grant EL2015.LNCC/OH and EL2018.LNCC/OH).

REFERENCES

1. Borel JF, Feurer C, Gubler HU, Stähelin H. Biological effects of

cyclosporin A: a new antilymphocytic agent. Agents Act. (1976) 6:468–75.

doi: 10.1007/BF01973261

2. Borel JF. Comparative study of in vitro and in vivo drug effects on cell-

mediated cytotoxicity. Immunology. (1976) 31:631–41.

3. Heusler K, Pletscher A. The controversial early history of cyclosporin. Swiss

Med Wkly. (2001) 131:299–302.

4. Borel J, Kis Z, Beveridge T. The history of the discovery and development of

Cyclosporin (Sandimmune R©). In: Merluzzi VJ, Adams J, editors. The Search

for Anti-Inflammatory Drugs Case Histories From Concept to Clinic. Boston:

Birkhäuser (1995) p. 27–63.

5. Ruegger A, Kuhn M, Lichti H, Loosli HR, Huguenin R, Quiquerez C, et al.

[Cyclosporin A, a Peptide Metabolite from Trichoderma polysporum (Link

ex Pers.) Rifai, with a remarkable immunosuppressive activity]. Helvet Chim

Acta. (1976) 59:1075–92. doi: 10.1002/hlca.19760590412

6. Allison AC. Immunosuppressive drugs: the first 50 years and a glance forward.

Immunopharmacology. (2000) 47:63–83. doi: 10.1016/S0162-3109(00)00186-7

7. Kahan BD. Cyclosporine. N Engl J Med. (1989) 321:1725–38.

doi: 10.1056/NEJM198912213212507

8. Tedesco D, Haragsim L. Cyclosporine: a review. J Transplant. (2012) 2012:1–7.

doi: 10.1155/2012/230386

9. Shevach EM. The effects of cyclosporin a on the immune system. Ann Rev

Immunol. (1985) 3:397–423. doi: 10.1146/annurev.iy.03.040185.002145

10. Kronke M, Leonard WJ, Depper JM, Arya SK, Wong-Staal F, Gallo RC,

et al. Cyclosporin A inhibits T-cell growth factor gene expression at the

level of mRNA transcription. Proc Natl Aca Sci USA. (1984) 81:5214–8.

doi: 10.1073/pnas.81.16.5214

11. Matsuda S, Koyasu S. Mechanisms of action of

cyclosporine. Immunopharmacology. (2000) 47:119–25.

doi: 10.1016/S0162-3109(00)00192-2

12. Herold KC, Lancki DW, Moldwin RL, Fitch FW. Immunosuppressive effects

of cyclosporin A on cloned T cells. J Immunol. (1986) 136:1315–21.

13. Granelli-Piperno A. In situ hybridization for interleukin 2 and interleukin 2

receptor mRNA in T cells activated in the presence or absence of cyclosporin

A. J Exp Med. (1988) 168:1649–58. doi: 10.1084/jem.168.5.1649

14. Prud’homme GJ, Parfrey NA, Vanier LE. Cyclosporine-induced

autoimmunity and immune hyperreactivity. Autoimmunity. (1991) 9:345–56.

doi: 10.3109/08916939108997137

15. Tapia C, Pellegrini MV. Cyclosporine. StatPearls. Treasure Island; Florida, FL:

StatPearls Publishing LLC (2018).

16. Motta I, Truffa-Bachi P. Influence of cyclosporin A on humoral immunity

and on B lymphocyte activation. In: Thomson AW, editor. Cvclosporin. Mode

of Action and Clinical Applications. Dordrecht: Kluwer Academic Publishers.

(1989). p. 34–69.

17. Esa AH, Converse PJ, Hess AD. Cyclosporine inhibits soluble antigen

and alloantigen presentation by human monocytes in vitro. Int J

Immunopharmacol. (1987) 9:893–902. doi: 10.1016/0192-0561(87)90005-1

18. Little RG II, Ebertowski LA, David CS. Cyclosporine A inhibition of

alloantigen presentation. Transplant Proc. (1991) 23(2 Suppl. 2):6–9.

19. Hannam-Harris AC, Taylor DS, Nowell PC. Cyclosporin A directly inhibits

human B-cell proliferation bymore than a single mechanism. J Leukocyte Biol.

(1985) 38:231–9. doi: 10.1002/jlb.38.2.231

20. Colgan J, Asmal M, Yu B, Luban J. Cyclophilin A-deficient

mice are resistant to immunosuppression by cyclosporine.

J Immunol. (2005) 174:6030–8. doi: 10.4049/jimmunol.174.1

0.6030

Frontiers in Immunology | www.frontiersin.org 5 March 2019 | Volume 10 | Article 588

https://doi.org/10.1007/BF01973261
https://doi.org/10.1002/hlca.19760590412
https://doi.org/10.1016/S0162-3109(00)00186-7
https://doi.org/10.1056/NEJM198912213212507
https://doi.org/10.1155/2012/230386
https://doi.org/10.1146/annurev.iy.03.040185.002145
https://doi.org/10.1073/pnas.81.16.5214
https://doi.org/10.1016/\penalty \z@ {}S0162-3109(00)00192-2
https://doi.org/10.1084/jem.168.5.1649
https://doi.org/10.3109/08916939108997137
https://doi.org/10.1016/0192-0561(87)90005-1
https://doi.org/10.1002/jlb.38.2.231
https://doi.org/10.4049/jimmunol.174.10.6030
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Flores et al. Low-Dose Cyclosporin-A

21. Pallet N, Fernández-Ramos AA, Loriot M-A. Impact of Immunosuppressive

Drugs on the Metabolism of T Cells. In: Braaten D, editor. International

Review of Cell and Molecular Biology. New York, NY: Elsevier (2018). p. 169–

200.

22. Wiederrecht G, Lam E, Hung S, Martin M, Sigal N. The mechanism of

action of FK-506 and cyclosporin A. Ann N Y Acad Sci. (2006) 696:9–19.

doi: 10.1111/j.1749-6632.1993.tb17137.x

23. Brandt C, Liman P, Bendfeldt H, Mueller K, Reinke P, Radbruch A, et al.

Whole blood flow cytometric measurement of NFATc1 and IL-2 expression to

analyze cyclosporine A-mediated effects in T cells. Cytometry Part A. (2010)

77A:607–13. doi: 10.1002/cyto.a.20928

24. Barbarino JM, Staatz CE, Venkataramanan R, Klein TE, Altman

RB. PharmGKB summary. Pharmacogen Genom. (2013) 23:563–85.

doi: 10.1097/FPC.0b013e328364db84

25. Naesens M, Sarwal MM. Harnessing the diversity of the human T-cell

repertoire: a monitoring tool for transplantation tolerance? Eur J Immunol.

(2010) 40:2986–9. doi: 10.1002/eji.201041047

26. Wang C-e, Lu K-P, Chang Z, GuoM-L, Qiao H-L. Association of CYP3A4∗1B

genotype with Cyclosporin A pharmacokinetics in renal transplant recipients:

a meta-analysis. Gene. (2018) 664:44–9. doi: 10.1016/j.gene.2018.04.043

27. Naesens M, Kuypers DRJ, Sarwal M. Calcineurin inhibitor nephrotoxicity.

Clin J Am Soc Nephrol. (2009) 4:481–508. doi: 10.2215/CJN.04800908

28. Henny FC, Kleinbloesem CH, Moolenaar AJ, Paul LC, Breimer DD,

Van Es LA. Pharmacokinetics and nephrotoxicity of cyclosporine

in renal transplant recipients. Transplantation. (1985) 40:261–5.

doi: 10.1097/00007890-198509000-00008

29. Calne RY, Thiru S, McMaster P, Craddock GN, White DJG, Evans DB, et al.

Cyclosporin a in patients receiving renal allografts from cadaver donors.

Lancet. (1978) 312:1323–7. doi: 10.1016/S0140-6736(78)91970-0

30. Starzl TE, Klintmalm GBG, Porter KA, Iwatsuki S, Schröter GPJ. Liver

transplantation with use of cyclosporin a and prednisone.NEngl JMed. (1981)

305:266–9. doi: 10.1056/NEJM198107303050507

31. Kolata G. FDA Speeds approval of cyclosporin. Science. (1983) 221:1273.

doi: 10.1126/science.221.4617.1273-a

32. Moyer TP, Post GR, Sterioff S, Anderson CF. Cyclosporine nephrotoxicity is

minimized by adjusting dosage on the basis of drug concentration in blood.

Mayo Clin Proc. (1988) 63:241–7. doi: 10.1016/S0025-6196(12)65097-6

33. Ruutu T, van Biezen A, Hertenstein B, Henseler A, Garderet L, Passweg J,

et al. Prophylaxis and treatment of GVHD after allogeneic haematopoietic

SCT: a survey of centre strategies by the European Group for Blood

and Marrow Transplantation. Bone Marrow Transplant. (2012) 47:1459–64.

doi: 10.1038/bmt.2012.45

34. Soleymani T, Vassantachart JM, Wu JJ. Comparison of guidelines for the use

of cyclosporine for psoriasis: a critical appraisal and comprehensive review. J

Drugs Dermatol. (2016) 15:293–301.

35. Arkwright PD, Motala C, Subramanian H, Spergel J, Schneider LC,

Wollenberg A. Management of difficult-to-treat atopic dermatitis. J Allergy

Clin Immunol Pract. (2013) 1:142–51. doi: 10.1016/j.jaip.2012.09.002

36. Buscher AK, Beck BB,Melk A, Hoefele J, Kranz B, Bamborschke D, et al. Rapid

response to cyclosporin a and favorable renal outcome in nongenetic versus

genetic steroid-resistant nephrotic syndrome. Clin J Am Soc Nephrol. (2016)

11:245–53. doi: 10.2215/CJN.07370715

37. Chighizola CB, Ong VH, Meroni PL. The Use of Cyclosporine a in

rheumatology: a 2016 comprehensive review. Clin Rev Allergy Immunol.

(2017) 52:401–23. doi: 10.1007/s12016-016-8582-3

38. Kahan BD, Keown P, Levy GA, Johnston A. Therapeutic drug monitoring

of immunosuppressant drugs in clinical practice. Clin Therapeut. (2002)

24:330–50. doi: 10.1016/S0149-2918(02)85038-X

39. Land W, Schleibner S, Schneeberger H, Schilling M. current

immunosuppressive strategies in kidney transplantation. In: Munro I,

editor. Contributions to Nephrology. (London) S. Karger AG (1990). p.

146–64; discussion 62–4.

40. Calne RY, Rolles K, Thiru S, McMaster P, Craddock GN, Aziz S, et al.

Cyclosporin a initially as the only immunosuppressant in 34 recipients of

cadaveric organs: 32 kidneys, 2 pancreases, and 2 livers. Lancet. (1979)

314:1033–6. doi: 10.1016/S0140-6736(79)92440-1

41. Behforouz NC, Wenger CD, Mathison BA. Prophylactic treatment of BALB/c

mice with cyclosporine A and its analog B-5–49 enhances resistance to

Leishmania major. J Immunol. (1986) 136:3067–75.

42. Olsson R, Remberger M, Hassan Z, Omazic B, Mattsson J, Ringdén O. GVHD

prophylaxis using low-dose cyclosporine improves survival in leukaemic

recipients of HLA-identical sibling transplants. Eur J Haematol. (2010)

84:323–31. doi: 10.1111/j.1600-0609.2009.01390.x

43. Ross HJ, Cho J, Osann K, Wong S-F, Ramsinghani N, Williams J, et al. Phase

I/II trial of low dose cyclosporin A with EP for advanced non-small cell

lung cancer1. Lung Cancer. (1997) 18:189–98. doi: 10.1016/S0169-5002(97)

00061-5

44. Bretscher PA, Havele C. Cyclosporin A can switch the immune response

induced by antigen from a humoral to a cell-mediated mode. Eur J Immunol.

(1992) 22:349–55. doi: 10.1002/eji.1830220210

45. Miroux C, Moralès O, Carpentier A, Dharancy S, Conti F,

Boleslowski E, et al. Inhibitory effects of cyclosporine on human

regulatory T cells in vitro. Transplant Proceed. (2009) 41:3371–4.

doi: 10.1016/j.transproceed.2009.08.043

46. López-Flores R, Bojalil R, Benítez JC, Ledesma-Soto Y, Terrazas CA,

Rodríguez-Sosa M, et al. Consecutive low doses of cyclosporine a induce

pro-inflammatory cytokines and accelerate allograft skin rejection. Molecules.

(2011) 16:3969–84. doi: 10.3390/molecules16053969

47. Mustafa M, Diener P, Sun JB, Link H, Olsson T. Immunopharmacologic

modulation of experimental allergic encephalomyelitis: low-dose cyclosporin-

a treatment causes disease relapse and increased systemic T and B cell-

mediated myelin-directed autoimmunity. Scandinav J Immunol. (1993)

38:499–507. doi: 10.1111/j.1365-3083.1993.tb03232.x

48. Storb R, Deeg HJ, Fisher L, Appelbaum F, Buckner CD, Bensinger W, et al.

Cyclosporine v methotrexate for graft-v-host disease prevention in patients

given marrow grafts for leukemia: long-term follow-up of three controlled

trials. Blood. (1988) 71:293–8.

49. Bacigalupo A, Van Lint MT, Occhini D, Gualandi F, Lamparelli T, Sogno

G, et al. Increased risk of leukemia relapse with high-dose cyclosporine

A after allogeneic marrow transplantation for acute leukemia. Blood.

(1991) 77:1423–8.

50. Vaeth M, Bauerlein CA, Pusch T, Findeis J, Chopra M, Mottok A,

et al. Selective NFAT targeting in T cells ameliorates GvHD while

maintaining antitumor activity. Proc Natl Aca Sci USA. (2015) 112:1125–30.

doi: 10.1073/pnas.1409290112

51. Buchholz M, Schatz A, Wagner M, Michl P, Linhart T, Adler G, et al.

Overexpression of c-myc in pancreatic cancer caused by ectopic activation

of NFATc1 and the Ca2+/calcineurin signaling pathway. EMBO J. (2006)

25:3714–24. doi: 10.1038/sj.emboj.7601246

52. Chen ZL, Zhao SH, Wang Z, Qiu B, Li BZ, Zhou F, et al. Expression and

unique functions of four nuclear factor of activated T cells isoforms in non-

small cell lung cancer. Chin J Cancer. (2011) 30:62–8. doi: 10.5732/cjc.010.

10156

53. Wang S, Kang X, Cao S, Cheng H, Wang D, Geng J. Calcineurin/NFATc1

pathway contributes to cell proliferation in hepatocellular carcinoma. Digest

Dis Sci. (2012) 57:3184–8. doi: 10.1007/s10620-012-2255-8

54. Robbs BK, Cruz AL, Werneck MB, Mognol GP, Viola JP. Dual roles for NFAT

transcription factor genes as oncogenes and tumor suppressors.Mol Cell Biol.

(2008) 28:7168–81. doi: 10.1128/MCB.00256-08

55. Flockhart RJ, Armstrong JL, Reynolds NJ, Lovat PE. NFAT signalling is a

novel target of oncogenic BRAF in metastatic melanoma. Br J Cancer. (2009)

101:1448–55. doi: 10.1038/sj.bjc.6605277

56. Seifert A, Rau S, Kullertz G, Fischer B, Santos AN. TCDD induces cell

migration via NFATc1/ATX-signaling in MCF-7 cells. Toxicol Lett. (2009)

184:26–32. doi: 10.1016/j.toxlet.2008.10.026

57. Kulkarni RM, Greenberg JM, Akeson AL. NFATc1 regulates lymphatic

endothelial development. Mech Dev. (2009) 126(5–6):350–65.

doi: 10.1016/j.mod.2009.02.003

58. Kawahara T, Kashiwagi E, Li Y, Zheng Y, Miyamoto Y, Netto GJ,

et al. Cyclosporine A and tacrolimus inhibit urothelial tumorigenesis. Mol

Carcinog. (2016) 55:161–9. doi: 10.1002/mc.22265

59. Kawahara T, Kashiwagi E, Ide H, Li Y, Zheng Y, Ishiguro H, et al. The role

of NFATc1 in prostate cancer progression: cyclosporine A and tacrolimus

inhibit cell proliferation, migration, and invasion. Prostate. (2015) 75:573–84.

doi: 10.1002/pros.22937

60. Werneck MBF, Hottz E, Bozza PT, Viola JPB. Cyclosporin A inhibits colon

cancer cell growth independently of the calcineurin pathway. Cell Cycle.

(2012) 11:3997–4008. doi: 10.4161/cc.22222

Frontiers in Immunology | www.frontiersin.org 6 March 2019 | Volume 10 | Article 588

https://doi.org/10.1111/j.1749-6632.1993.tb17137.x
https://doi.org/10.1002/cyto.a.20928
https://doi.org/10.1097/FPC.0b013e328364db84
https://doi.org/10.1002/eji.201041047
https://doi.org/10.1016/j.gene.2018.04.043
https://doi.org/10.2215/CJN.04800908
https://doi.org/10.1097/00007890-198509000-00008
https://doi.org/10.1016/S0140-6736(78)91970-0
https://doi.org/10.1056/NEJM198107303050507
https://doi.org/10.1126/science.221.4617.1273-a
https://doi.org/10.1016/S0025-6196(12)65097-6
https://doi.org/10.1038/bmt.2012.45
https://doi.org/10.1016/j.jaip.2012.09.002
https://doi.org/10.2215/CJN.07370715
https://doi.org/10.1007/s12016-016-8582-3
https://doi.org/10.1016/S0149-2918(02)85038-X
https://doi.org/10.1016/S0140-6736(79)92440-1
https://doi.org/10.1111/j.1600-0609.2009.01390.x
https://doi.org/10.1016/S0169-5002(97)00061-5
https://doi.org/10.1002/eji.1830220210
https://doi.org/10.1016/j.transproceed.2009.08.043
https://doi.org/10.3390/molecules16053969
https://doi.org/10.1111/j.1365-3083.1993.tb03232.x
https://doi.org/10.1073/pnas.1409290112
https://doi.org/10.1038/sj.emboj.7601246
https://doi.org/10.5732/cjc.010.10156
https://doi.org/10.1007/s10620-012-2255-8
https://doi.org/10.1128/MCB.00256-08
https://doi.org/10.1038/sj.bjc.6605277
https://doi.org/10.1016/j.toxlet.2008.10.026
https://doi.org/10.1016/j.mod.2009.02.003
https://doi.org/10.1002/mc.22265
https://doi.org/10.1002/pros.22937
https://doi.org/10.4161/cc.22222
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Flores et al. Low-Dose Cyclosporin-A

61. Masuo T, Okamura S, Zhang Y, Mori M. Cyclosporine A inhibits colorectal

cancer proliferation probably by regulating expression levels of c-Myc,

p21(WAF1/CIP1) and proliferating cell nuclear antigen. Cancer Lett. (2009)

285:66–72. doi: 10.1016/j.canlet.2009.05.001

62. Xing XL, Lu Y, Qiu HL. Effect of cyclosporin A particles of varying

diameters on gastric cancer cell apoptosis. Genet Mol Res. (2016) 15:1–8.

doi: 10.4238/gmr.15028085

63. Gao L, Dong J, Zhang N, Le Z, Ren W, Li S, et al. Cyclosporine A suppresses

the malignant progression of oral squamous cell carcinoma in vitro.

Anti Cancer Agent Med Chem. (2019). doi: 10.2174/18715206186661810291

70605. [Epub ahead of print].

64. Koury LC, Figueiredo-Pontes LL, Simoes BP, Oliveira LC, Dalmazzo LF, Tostes

Pintão MC, et al. The use of cyclosporine in association with chemotherapy

as induction treatment in patients with Acute Myeloid Leukemia (AML) and

high rhodamine efflux at diagnosis results in higher complete hematological

remission rates, but does not prolong overall survival. Blood. (2015)

126:4896.

65. Cooper DL, Braverman IM, Sarris AH, Durivage HJ, Saidman BH, Davis

CA, et al. Cyclosporine treatment of refractory T-cell lymphomas. Cancer.

(1993) 71:2335–41.

66. Isshiki Y, Tanaka H, Suzuki Y, Yoshida Y. Cyclosporine is a potential curative

treatment option for advanced thymoma. Exp Hematol Oncol. (2017) 6:13.

doi: 10.1186/s40164-017-0073-6

67. Brandt C, Pavlovic V, Radbruch A, Worm M, Baumgrass R. Low-dose

cyclosporine A therapy increases the regulatory T cell population

in patients with atopic dermatitis. Allergy. (2009) 64:1588–96.

doi: 10.1111/j.1398-9995.2009.02054.x

68. Hijnen D, Haeck I, van Kraats AA, Nijhuis E, de Bruin-Weller MS, Bruijnzeel-

Koomen CA, et al. Cyclosporin A reduces CD4(+)CD25(+) regulatory T-cell

numbers in patients with atopic dermatitis. J Allergy Clin Immunol. (2009)

124:856–8. doi: 10.1016/j.jaci.2009.07.056

69. Filantenkov A, Schmidt H, Reutzel-Selke A, Seifert M, Doebis C,

Jurisch A, et al. Initial organ engraftment with a short-term low-

dose CyA treatment induces tolerance for consecutive grafts in a

model of strong histoincompatibility. Transplant Proc. (2002) 34:2895–6.

doi: 10.1016/S0041-1345(02)03551-0

70. Wang H, Zhao L, Sun Z, Sun L, Zhang B, Zhao Y. A potential side effect

of cyclosporin A: inhibition of CD4(+)CD25(+) regulatory T cells in mice.

Transplantation. (2006) 82:1484–92. doi: 10.1097/01.tp.0000246312.89689.17

71. Whiteside TL. FOXP3+ Treg as a therapeutic target for promoting anti-

tumor immunity. Expert opinion on therapeutic targets. (2018) 22:353–63.

doi: 10.1080/14728222.2018.1451514

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Flores, Fouquet, Moura, Maciel and Hermine. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Immunology | www.frontiersin.org 7 March 2019 | Volume 10 | Article 588

https://doi.org/10.1016/j.canlet.2009.05.001
https://doi.org/10.4238/gmr.15028085
https://doi.org/10.2174/1871520618666181029170605
https://doi.org/10.1186/s40164-017-0073-6
https://doi.org/10.1111/j.1398-9995.2009.02054.x
https://doi.org/10.1016/j.jaci.2009.07.056
https://doi.org/10.1016/S0041-1345(02)03551-0
https://doi.org/10.1097/01.tp.0000246312.89689.17
https://doi.org/10.1080/14728222.2018.1451514
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Lessons to Learn From Low-Dose Cyclosporin-A: A New Approach for Unexpected Clinical Applications
	Introduction
	CsA in Clinical Settings
	High-Dose CsA
	Low-Dose CsA

	Clinical Applications for Low-dose CsA
	Immunomodulatory Properties
	GVHD
	Cancer

	Conclusion and Perspectives
	Author Contributions
	Acknowledgments
	References


