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For Official Use 

Foreword 

This Adverse Outcome Pathway (AOP) on Inhibition of Calcineurin Activity Leading to 

Impaired T-Cell Dependent Antibody Response, has been developed under the auspices of 

the OECD AOP Development Programme, overseen by the Extended Advisory Group on 

Molecular Screening and Toxicogenomics (EAGMST), which is an advisory group under 

the Working Party of the National Coordinators for the Test Guidelines Programme 

(WNT). The AOP has been reviewed internally by the EAGMST, externally by experts 

nominated by the WNT, and has been endorsed by the WNT and the Working Party on 

Hazard Assessment (WPHA) on XXX.  

Through endorsement of this AOP, the WNT and the WPHA express confidence in the 

scientific review process that the AOP has undergone and accept the recommendation of 

the EAGMST that the AOP be disseminated publicly. Endorsement does not necessarily 

indicate that the AOP is now considered a tool for direct regulatory application. 

The OECD's Chemicals and Biotechnology Committee agreed to declassification of this 

AOP on XXX. 

This document is being published under the responsibility of the OECD's Chemicals and 

Biotechnology Committee. 

The outcome of the internal and external reviews are publicly available respectively in the 

AOP Wiki and the eAOP Portal of the AOP Knowledge Base at the following links: 

[internal review] [external review].  

  

https://aopwiki.org/
http://aopkb.org/
https://aopwiki.org/aops/154/comments
https://aopkb.oecd.org/DocumentControler.axd?e=%c2%a3%c2%a4HxPZ4gI%2blwZIY0wGUtTfPg%3d%3d%c2%b5%c2%a4jg9hBp72JKakU5YvjBlmYLm%2bIlBhH8tqid3vnmVDse938A8b3FrXYCMw32Ip4bQ7vNjBJhfTlIvEWP22aCecPg%3d%3d&a=g&id=2486bbbe-22b7-4c4c-9d59-1c7e6ec9ef6b
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Abstract 

 

Calcineurin (CN), a protein phosphatase, is known to impair immune function when its phosphatase 

activation is inhibited. The relationship between CN and immune functions is well understood, and 

immunosuppressants that work by inhibiting CN have been developed. 

CN inhibitors (CNIs) inhibit CN phosphatase activity to suppress many kinds of immune functions and 

have been used to prevent hyper immune reactions such as rejection and graft versus host disease 

(GVHD), and treat autoimmune and allergic disorders such as psoriasis and atopic dermatitis. On the 

other hand, CNIs are reported to induce immunosuppression-derived adverse effects such as increased 

frequency and/or severity of infections and increased tumor incidences. CNIs might affect kinds of T-

cell derived immune functions to induce compromised host. Among the affected immune functions. T-

cell dependent antibody response (TDAR) is the important factor to resist infections and thought to be 

the useful endpoint on evaluating immunotoxicity of chemicals; therefore, this AOP describes the 

linkage between the inhibition of CN activity and impairment of TDAR. 

CN activity is inhibited when stressors of CNIs bind to CN with their respective immunophilins, which 

interferes with the nuclear localization of nuclear factor of activated T cells (NFAT), a substrate of CN. 

As a result, the formation of functional NFAT complexes with activator protein-1 (AP-1) that bind at 

the site of IL-2, IL-4 and other T cell -derived cytokine promoters is reduced, thereby suppressing 

production of these cytokines. Among the affected cytokines from each of the helper T cell subsets, 

reduced production of IL-2 and IL-4 affects the proliferation and differentiation of B-cells to suppress 

TDAR. 

We have identified a number of key events along this pathway and determined the key event 

relationships, based on which we have created an AOP for inhibition of CN activity leading to impaired 

TDAR. 

Since CN expresses in cells among vast variety of species, this AOP might be applicable to many 

mammal species, including humans and rodents. 
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Background 

Although there are stressors that inhibit CN activity, this AOP is mainly based on an understanding of 
immunosuppression caused by FK506 and FKBP12 complexes, on which a significant body of scientific literature 
has been published. 

We look forward to future amendments to this AOP with up-to-date information on other stressors, which will 
more clarify the linkage between inhibition of CN activity and impairment of TDAR. 

 

Graphical Representation 

 

 
 

Summary of the AOP 

Events 

Molecular Initiating Events (MIE), Key Events (KE), Adverse Outcomes (AO) 
 

 
 
Sequence 

 
 
Type 

Even
t ID 

 
 
Title 

 
 
Short name 

1 MIE 980 Inhibition, Calcineurin Activity 
(https://aopwiki.org/events/980) 

Inhibition, Calcineurin Activity 

     
2 KE 979 Interference, nuclear localization of NFAT 

(https://aopwiki.org/events/979) 
Interference, nuclear localization of 
NFAT 

3 KE 981 Reduction, NFAT/AP-1 complex formation 
(https://aopwiki.org/events/981) 

Reduction, NFAT/AP-1 
complex formation 

4 KE 1202 Suppression, IL-2 and IL-4 production 
(https://aopwiki.org/events/1202) 

Suppression, IL-2 and 
IL-4 production 

     

5 AO 984 Impairment, T-cell dependent antibody response 
(https://aopwiki.org/events/984) 

Impairment, T-cell dependent 
antibody response 

 

https://aopwiki.org/events/980
https://aopwiki.org/events/980
https://aopwiki.org/events/979
https://aopwiki.org/events/979
https://aopwiki.org/events/981
https://aopwiki.org/events/981
https://aopwiki.org/events/1202
https://aopwiki.org/events/1202
https://aopwiki.org/events/984
https://aopwiki.org/events/984
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Key Event Relationships 

 
 
 
Upstream Event 

Relationship 
Type 

 
 
Downstream Event 

 
 
Evidence 

Quantitative 
Understanding 

Inhibition, Calcineurin Activity 
(https://aopwiki.org/relationships/1508) 

adjacent Interference, nuclear 
localization of NFAT 

Moderat
e 

Moderate 

Interference, nuclear localization of NFAT 
(https://aopwiki.org/relationships/1017) 

adjacent Reduction, 
NFAT/AP-1 
complex formation 

High High 

Reduction, NFAT/AP-1 complex formation 
(https://aopwiki.org/relationships/1509) 

adjacent Suppression, IL-2 and 
IL-4 production 

High High 

Suppression, IL-2 and IL-4 production 
(https://aopwiki.org/relationships/1510) 

adjacent Impairment, T-cell 
dependent antibody 
response 

High High 

 
Stressors 

 
Name Evidence 

Tacrolimus High 

Cyclosporin High 

Pimecrolimus High 

Gossypol Moderate 

Kaempferol Moderate 

Dodecylbenzene sulfonate Moderate 

Dibefurin Moderate 

Ascomycin Moderate 

1,5-dibenzoyloxymethyl-norcantharidin Moderate 
  

https://aopwiki.org/relationships/1508
https://aopwiki.org/relationships/1508
https://aopwiki.org/relationships/1017
https://aopwiki.org/relationships/1017
https://aopwiki.org/relationships/1509
https://aopwiki.org/relationships/1509
https://aopwiki.org/relationships/1510
https://aopwiki.org/relationships/1510
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Overall Assessment of the AOP 

Inhibition of CN might induce suppression of cytokines production from all the T helper cell subsets as well as other 
immune functions of other immune cells. Suppression of cell-mediated immunity is involved in the pharmacology of 
preventing hyper immune reactions such as rejection and GVHD, and treatment of autoimmune and allergic disorders 
such as psoriasis and atopic dermatitis. On the other hand, CN inhibition might induce immunosuppression-derived 
adverse outcomes. One of the effects is increased frequency and/or severity of infections. Compromised host might be 
related with impairment of multiple immune functions; however, impaired TDAR deems to be usually related. 
Moreover, TDAR is the frequently used measurable endpoint in immunotoxicity testing according the ICH S8 or US 
EPA OPPTS 870.7800 immunotoxicity testing guideline. 

Therefore, the present AOP focus on CN inhibition-induced impairment of TDAR. 

CN phosphatase activity is inhibited when stressors bind to Calcineurin-A (CnA) with immunophilins, which interferes 
with the nuclear localization of NFAT, a substrate of CN. As a result, the formation of functional NFAT/ AP-1 
complexes that bind at the site of IL-2 , IL-4 and other cytokine promoters in each of the T helper cell subsets is 
reduced, thereby suppressing production of these cytokines. Among the affected cytokines TDAR is impaired mainly 
by the suppression of production of IL-2 and IL-4, which affect the proliferation and differentiation of B-cells to lower 
TDAR. We have identified a number of key events (KEs) along this pathway, and based on these key event 
relationships (KERs), created an AOP for inhibition of CN activity leading to impaired TDAR. 

Since each KE involving MIE and AO is quantifiable, and shows similar dose responses with the CNIs in vitro, 
this AOP is useful for understanding immunosuppression due to inhibition of CN activity. In addition, each KER is 
based on sufficient scientific evidence and exhibits no contradiction with dose responses of adjacent KEs. 

Since CN/NFAT system expresses in cells among vast variety of species and the function in immune system is common 
in at least human and mice, this AOP might be applicable to many mammalian species, including humans and 
rodents. 

 

Domain of Applicability 

Life Stage Applicability 

Life Stage Evidence 

All life stages Moderate 
 
Taxonomic Applicability 

 
Term Scientific Term Evidence Links 

Homo sapiens Homo sapiens High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=9606) 

Mus musculus Mus musculus High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=10090) 

Macaca 
fascicularis 

Macaca 
fascicularis 

High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=9541) 

Rattus 
norvegicus 

Rattus 
norvegicus 

High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=10116) 

 
  

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10090
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10090
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9541
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9541
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10116
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10116
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Sex Applicability 

Sex Evidence 

Mixed High 
 

The proposed AOP regarding inhibition of CN activity leading to impaired TDAR is not dependent on life stage, sex, or 
age. Since tacrolimus (FK506) ointment (Protopic) is approved for pediatric atopic dermatitis, the MOA for 
immunosuppression appears to be applicable to all life stages. The applicable state is considered supported by the draft 
FDA guidance for immunotoxicology that was recently issued (2020) indicating that “example of immunotoxicology 
testing could included TDAR assay” to address the concern of immunotoxicity in offspring in juvenile animal studies. 

Since FK506 or Cyclosporine A (CsA)-induced outcomes in humans are mimicked by similar responses in a variety of 
animal models including non-human primates and rodents, immunosuppression induced by inhibition of CN activity is 
considered to occur across a variety of mammalian species. 

In addition to the drugs, it is known that CN activity is suppressed by alkeylbenzene sulfonate (dodecylbenzene 
sulfonate) extracted from an acrylonitrile butadiene rubber (Ito et al. 2013)., suggesting that the proposed AOP would 
be applicable to non-pharmacological agents. 

For the chemicals such as pesticide, TDAR is also recommended in the US EPA OPPTS 870.7800 immunotoxicity 
testing guideline. 

 
 
Essentiality of the Key Events 

Essentiality is supported by several knockout animals as follows. 
 

Stage Essentiality Evidence Supported by literatures 
 
 
 
 
 
MIE 
and 
later 

 
 
 
 
 
CnA-KO 
mice 

 
 
 
 
 
Strong 

The CN molecule consists of two regions, CnA and CnB, of which CnA exhibits 
phosphatase activity. In CnA-KO mice, T-cell proliferation in response to ovalbumin 
stimulation is lower than that for wild-type mice and is not complemented by normal 
antibody producing cells. In addition, when stimulated with ovalbumin, CnA- KO mice 
produce less IFN-γ, IL‑2, and IL‑4 than wild-type mice. However, primary antibody 
response in CnA-KO mice is normal in response to TNP-ovalbumin, which means that CnA 
deficiency affects only on T cell-dependent antibody response 
(TDAR) (Zhang et al. 1996). 

 
 
 
 
 
 
 
 
 
 
KE1 
and 
late
r 

 
 
 
 
 
 
 
 
 
 
NFAT-KO 
mice 

 
 
 
 
 
 
 
 
 
 
 
Strong 

The following phenotypes are observed in NFAT-KO mice: moderate 
hyperproliferation with splenomegaly, moderately enhanced B- and T-cell responses, 
with bias towards Th2-cell response, decreased IFN-γ production in response to T-cell 
receptor (TCR) ligation, reduced proliferative responses by T cells, impaired 
repopulation of the thymus and lymphoid organs, impaired Th2- cell responses and IL-
4 production, grossly impaired T-cell effector functions, profound defects in cytokine 
production and cytolytic activity, B-cell hyperactivity, impaired development of CD4 and 
CD8 single-positive cells, increased apoptosis of double-positive thymocytes, and mild 
hyperactivation of peripheral T cells. 

Therefore, the study of NFAT-KO mice shows that NFAT is involved in a wide range 
of immune responses, and some of these phenomenon are known to be regulated by CN. 
Suppression of T- cell-derived cytokines is noted both in CnA-knockout and NFAT- 
knockout mice, which indicates that the production of T-cell derived cytokines such as 
IL-2 and IL-4 is regulated by the CN- NFAT system (Macian, 2005). 



 

7  

 
 
 
Stressor 

 
 
FKBP12-
KO 
mice 

 
 
 
Moderat
e 

FK506 induces suppression of immune responses; however, there is no literature showing 
a relationship of a relationship between FKBP12 knockout and the immune system in the 
FKBP12-KO mouse model. Steric structure of FKBP12/FK506 complex is considered 
the key factor for inhibition of CN phosphatase activity, 
but not for the enzymatic activities of FKBP12. 

 

Weight of Evidence Summary 

Biological Plausibility 
 

T-cell functions are mainly regulated by the CN-NFAT system and suppression of CN activity in T cells is known to 
induce multiple types of immunosuppression, including T cell-dependent antibody response (TDAR). 

Experiments with T cells indicate that TCR stimulation brings about increases in intracellular concentrations of Ca2+ 
that trigger CN activity, thereby inducing nuclear localization of substrate NFAT per dephosphorylation. The localized 
NFAT forms complexes with activator protein 1 (AP- 1) at the promoter sites of the T‑cell cytokine genes and 
induces production of the cytokines. 

CN phosphatase activity is known to be inhibited by the formation of immunophilin-CN inhibitor (CNI) complexes, such 
as CsA/cyclophilin complexes or FK506/FK506-binding protein (FKBP) 12 complexes. Immunophilins are a general 
class of proteins that exhibit peptidyl-propyl isomerase (PPIase) activity, but there is no commonality between amino-
acid sequences of the two classes of immunophilins. The three- dimensional structures of immunophilin complexes are 
essential to the inhibition of CN phosphatase activity, even though their enzymatic activities are not. 

It is also known that one of the effects on immune function when CNI forms complexes with its respective 
immunophilin and inhibits CN activity is the suppression of IL-2 and other T-cell derived cytokine production. It is 
further known that inhibition of CN leads to suppression of TDAR because IL‑2 and IL‑4 mainly promote the 
proliferation, class switching, differentiation, and maturation of B-cells. 

Furthermore, CN-NFAT also exists in B‑cells and it has been reported that CNIs do suppress production of certain 
cytokines from them. At the time of our review of the literature, however, we did not find any reports of a direct effect 
of CN inhibition on B‑cells, such as changes in proliferation, class switching, differentiation, or maturation of 
B‑cells. 

Also, although CN-NFAT is known to exist in dendritic cells, natural killer T (NKT) cells, and other types of cells 
in which it regulates the expression of IL-2 receptors, there are no reports of effects on the production of T cell-
dependent antibodies due to CNI-induced alteration in expression of IL-2 receptors in these cells. 

CN-NFAT system-mediated immunosuppression is well understood based on the pharmacology of some CNI drugs; 
therefore, AOP of CN inhibition-induced suppression of TDAR is useful for prediction of CN-mediated 
immunotoxicity. 
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KE
R 

KEup-
KEdown 

Evidenc
e 

Rationales supported by literatures 

 
 
 
 
 
 
 
 
KER

1 

 
 
 
 
 
CN 
inhibition to 
interference
, NFAT 
nuclear 
translocatio
n 

 
 
 
 
 
 
 
 
Moderat
e 

CN phosphatase activation through TCR stimulation dephosphorylates NFAT, thereby 
promoting nuclear localization of NFAT. 

CN phosphatase activity in T cells could be inhibited by CNI/immunophilin complexes, thus 
interfering with dephosphorylation and nuclear localization of NFAT. 

The known mechanisms for inhibition of CN phosphatase activity by FK506, CsA, or other 
CNIs are initiated by the formation of complexes with their respective immunophilin species. 
Immunophilins are general classes of proteins that exhibit PPlase activity, but modification 
of these functions is unrelated to inhibition of CN activity and thus thought to arise in the 
molecular structure of the complexes (Schreiber and Crabtree 1992, Liu et al. 1993, Bierer 
et al. 1993, Bram et al. 
1993, Rao et al. 1997, Liu et al. 1991). 

 
 
 
 
 
 
 
 
 
KER

2 

 
 
 
 

Interference
, nuclear 
localizatio
n NFAT to 
reduction, 
NFAT/AP
-1 
complex 
formatio
n 

 
 
 
 
 
 
 
 
 
Strong 

CN activity dephosphorylates NFAT, thereby promoting its nuclear translocation. Nuclear-
located NFAT binds with AP-1 at the promoter regions of the cytokine genes to promote T-
cell cytokine production. 

Inhibition of dephosphorylation of NFAT by CNIs prevents nuclear localization of NFAT and 
resultant binding with AP-1 at the promoter region of the T cell cytokine genes. 

NFAT has NLS and NES among and adjacent to the N-terminal region rich in SP motifs, 
and once the SP region is dephosphorylated, the NLS is exposed and the NES is covered, 
which leads to translocation of NFAT into the nucleus (Matsuda and Koyasu 2000). 

CNIs interference with the nuclear localization of NFAT in T cells leads to a reduction in the 
formation of NFAT/AP-1 complexes, thereby suppressing transcription of IL-2, IL-4, and 
a number of other cytokines (Maguire et al. 2013, Jain et al. 1992, Jain et al. 1993). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
KER

3 

 
 
 
 
 
 
 
 
 
 
Reduction
, 
NFAT/A
P-1 
complex 
formation 
to 
suppressio
n of IL-2 
and IL-4 
production 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Strong 

NFAT/AP-1 complexes bind to the promoter regions of the cytokine genes, which promotes 
production of cytokines from T cells. Of these cytokines, IL-2 and IL-4 have a major role in 
promoting proliferation, maturation and class-switching of B cells, and development of 
TDAR. 

Reduction of NFAT/AP-1 complex formation in the nucleus due to inhibition CN activity 
by CNIs suppresses production of T-cell derived cytokines, including IL-2 and IL-4. 

T-5224, a selective c-Fos/AP-1 inhibitor, inhibits the DNA-binding activity of AP-1 in 
primary murine T cells. T-5224 also inhibits CD25 (one of IL-2 receptors) up-regulation, 
IL-2 production, and c-Fos DNA- binding activity in mice (Yoshida et al. 2015). 

Dexamethasone represses the IL-2 mRNA induction. glucocorticoid- induced leucine zipper 
(GILZ) is one of the most prominent glucocorticoid-induced genes, and inhibited the 
induction of the NFAT reporter and interferes with the AP-1 component of the NFAT/AP-
1 complex. GILZ also inhibits the IL-2 promoter (Mittelstadt et al. 2001). 

Ursolic acid suppressed activation of three immunoregulatory transcription factors NF-
kB, NFAT and AP-1. Treatment of lymphocytes and CD4+ T cells with ursolic acid 
inhibited secretion of IL-2 and IL-4 cytokines. Treatment of CD4+ T cells with ursolic acid 
suppressed mRNA level of IL-2. Treatment of lymphocytes with ursolic acid inhibited the 
upregulation of CD25 expression on T cells (Checker et al. 2012). 

 



 

9  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
KER
4 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Suppressio
n of IL-2 
and IL-4 
productio
n to 
impaired 
TDAR 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Strong 

T cell-derived cytokines play important roles in TDAR. Among them, IL-2 promotes 
proliferation of B cells, and IL-4 affects maturation and class switching of B cells as well 
as proliferation. 

Inhibition of CN activity by CNIs is known to suppress production of multiple cytokine 
species from T cells. 

Of these cytokines and receptors, suppression of IL-2 and IL-4 production mainly leads to 
impairment of TDAR. 

Suppressed production of other cytokines due to inhibition of CN activity exhibits only minor 
effects, if any, on TDAR. 

CsA is known one of the calcineurin inhibitiors. CsA-treatment is reported to suppresses the 
productions of IL-2 and IL-4 and result in the reduction of the productions of antigen-specific 
IgM and IgG in cynomolgus monkeys (Gaida K. 2015). 

Dupilumab is known as anti-IL-4/13 receptor (IL-4/13R) antibody. Dupilumab (Dupixent) 
reduces productions of immunoglobulin (Ig) E and antigen specific IgG1 in mice (Sanofi 
K.K. 2018). It suggests that the blocking of IL-4 signaling by anti-IL-4/13R antibody results 
in the decrease in T cell dependent antibody production. 

Th2 cell produces cytokines including IL-4. Suplatast tosilate (IPD) is known as an inhibitor of 
the production of IL-4 and IL-5 from Th2 cells and reduces the production of antigen specific 
IgE in human cell culture and mice (Taiho Pharmaceutical 2013). These findings suggests 
that the reduction of IL-4 production by the inhibitor of Th2 cell cytokines results in reduced 
production of IgE and/or IgG1 through inhibitions of maturation, proliferation and class 
switching of B cells. 

IL-2 binds to IL-2 receptor (IL-2R) and acts on T cell. CD25 is one of IL-2R. 
Basiliximab (Simulect) is known as anti-CD25 antibody. 
Basiliximab binds to IL-2R and blocks IL-2 signaling. Clinical transplantation study of 
basiliximab reveals decreases in rejections. On the other hand, basiliximab inhibits the 
activation of antigen specific T cells (Novartis Pharma 2016). 

FK506 and CsA suppress mRNA expression levels of cytokines in T cells including IL-2 and 
IL-4 that stimulate proliferation of B cells as well as B cell activation and class switching 
(Heidt et al, 2010). 

 
Empirical Support 

 
KE
R 

KEup-
KEdown 

Evidenc
e 

Empirical support of KERs 

   CN phosphatase activity is inhibited by CNI of FK506 with IC50 values of 0.5 nM (FK506) 
and 5nM (CsA) after 1 hours treatment (Fruman et al.1992). 

 
 
 
 
 
KER

1 

 
Inhibition, 
calcineurin 
activity 
leads to 
interference
, nuclear 
localizatio
n of NFAT 

 
 
 
 
 
Moderat

e 

Concentration-dependent reduction of in vitro nuclear localization of NFAT was evident at the 
concentration from 0.1 nM (Jurkat T cells) or 10nM (human CD4+ T cells) and up to 1 
µM (1000 nM) under the conditions of 2 hours treatment of tacrolimus (Maguire et al. 
2013). 

Interference with translocation of NFAT to the nucleus is also detected using gel mobility 
shift assay to test nuclear extracts and cytoplasmic extracts, in which the examined 
concentration of FK506 was 10ng/mL (Flanagan et al. 1991). 

   CN phosphatase activity and nuclear translocation of NFAT seems to be suppressed by CNIs 
at the similar ranges of doses and reaction times of 1 to 2 hours. 
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Concentration-dependent reduction of in vitro nuclear localization of NFAT was evident at the 
concentration from 0.1 nM (Jurkat T cells) or 10nM (human CD4+ T cells) and up to 1 
µM (1000 nM) under the conditions of 2 hours treatment (Maguire et al. 2013). 

Treatment of activated T cells with FK506 at 100ng/mL (124nM) or CsA at 500ng/mL 
(416nM) for 2 hours hinders the formation of functional NFAT/AP-1 in the nucleus 
(Flanagan et al. 1991). 

The experiment of gel mobility shift assay using Ar-5 human T cells stimulated with cross-
linked anti-CD3 antibody showed that NFAT/AP- 1 (cFos and Jun) complexes were found 
only in the nuclear extract with preexisting NFAT in the cytoplasm after T cell stimulation 
and that the NFAT/AP-1 complexes in the nucleus decreased after 2 hours treatment with 
CsA at 1µM (Jain et al. 1992). 

Decreased NFAT translocated to the nucleus, induced by FK506 at 100ng/mL (124nM) or 
CsA at 500ng/mL (416nM) after 2 hours treatment, hinders the formation of the 
functional NFAT/AP-1 complexes necessary to binding at the site of IL-2 promoters 
(Flanagan et al. 1991). 

NFAT/AP-1 complex formation was also reported to be inhibited by CNI (Rao et al. 
1997). 

Quantitative data on NFAT/AP-1 complex formation in the nucleus is insufficient; however, 
inhibition of nuclear localization of NFAT and following NFAT/AP-1 complex formation in 
the nucleus are simultaneously detected by gel mobility shift assay at the concentration of 
FK506 within the range for inhibition of nuclear translocation of NFAT using imaging 
flowcytometry after 2 hours culture of T cells. 

    
 
 
 
 
 
 
 
 

Moderat
e 

In NFATp- and NFAT4-deficient mice, cultured splenocytes bound anti-CD3 for 48 h 
indicates decreased production of Th1 cytokine including IL-2 (Ranger et al. 1998). 

In purified T cell from male C57BL/6J mice, T-5224 (a selective c- Fos/AP-1 inhibitor) 
inhibits the DNA-binding activity of AP-1 and CD25 (one of IL-2 receptors) up-regulation 
at 80 µg/mL, and IL-2 production in a dose-dependent manner from 40 to 80 µg/mL 
(Yoshida et al. 
2015). 
In splenic lymphocytes stimulated with concanavalin A for 24 h in C57BL/6 mice, ursolic 
acid suppressed products of NF-kB, NFAT and AP-1 at 5 µM for 4 h. Secretion of IL-2 
and IL-4 was inhibited in lymphocytes stimulated with concanavalin A for 24 h at 
concentrations of 0.5, 1 and 5 µM of ursolic acid, and lymphocytes and CD4+ T cells 
stimulated with anti-CD3/anti-CD28 mAb for 24 h at concentration of 5 µM of ursolic acid. 
In CD4+ T cells stimulated with anti-CD3/anti-CD28 mAb for 24 h, ursolic acid 
suppressed mRNA level of IL-2 at 5 µM for 4 h. In lymphocytes stimulated with 
concanavalin A for 24 h, ursolic acid inhibited CD25 expression at 5 µM for 4 h (Checker 
et al. 2012). 
 
Gel mobility shift assay revealed that treatment of activated T cells with FK506 at 
100ng/mL (124nM) or CsA at 500ng/mL (416nM) for 2 hours hinders NFAT nuclear 
translocation and following formation of NFAT/AP-1 complexes in the nucleus (Flanagan 
et al. 1991). 
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Preceding NFAT nuclear localization after T cell activation is suppressed with FK506 at 
the dose range of 0.01nM (Jarkat T cells) or 10nM (CD4+ T cells) to 1µM (Maguire et 
al. 2013), and NFAT nuclear localization and NFAT/AP-1 complex formation is shown to 
be strongly related (Jain et al. 1992, Jain et al. 1993). 
 
 
In CD3/PMA-activated human T cells, FK506 suppressed production of IL-2, IL-4, and 
IFN-γ at the concentrations of 1.2 to 12.5 nM after 22 to 24 hours culture as well as 
inhibited expression of IL-2, IL-4, and IFN-γ mRNA in a dose-dependent (10 nM) manner 
(Dumont et al. 
1998). 
Treatment with CsA completely eliminated detectable IL-2 release from 3A9 T cells co-
cultured with antigen-bearing Ch27 B cells with an IC25 and IC50 for IL-2 production of 
1.19 nM and 1.99 nM. Treatment with other immunosuppressant compounds 
(dexamethasone, azathioprine, methotrexate, benzo(a)pyrene and urethane) also resulted 
in decreased IL-2 release from stimulated 3A9 T cells at non- cytotoxic concentrations. 
Urethane, a weakly immunosuppressive chemical, was least potent in the assay, with an 
IC25 and IC50 for IL- 2 secretion of 4.24 mM and 13.26 mM (D.M. Lehmann. et al. 
2018). 
In female B6C3F1 mice, 1,2:5,6-dibenzanthracene exposure reduced production of IL-2 in 
spleen cell culture supernatants after in vitro stimulation with Concanavalin A or 
lipopolysaccharide (Donna, C. et al. 2010). 

Treatment with CsA at 50 mg/kg BID via oral gavage or 2C1.1 (a fully human anti-
ORAI1 monoclonal antibody) at 25 mg/kg single IV resulted in reduction of IL-2, IL-4, 
IL-5, and IL-17 cytokine production from PMA/ionomycin stimulation of whole blood in the 
cynomolgus monkey (Kevin, G. et al. 2014). 
In male CD-1 mice, chronic psychosocial stress (types of social outcome occurred: residents 
becoming subordinates) reduced IL-2 release in response to keyhole limpet hemocyanine 
(Alessandro, B. et al. 2003). 

 
Therefore, concentration of CNI needed for inhibition of NFAT/AP-1 complex formation in 
the nucleus is higher than that for inhibition of IL- 2 and IL-4 production.Time lag is found 
between the two KEs; 2 hours for KE2 and 22 to 48 hours for KE3. 
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Cynomolgus monkeys treated wth CsA at 50 mg/kg BID for 24 days suppression of IL-
2, IL-4 and sheep red blood cell (SRBC)- specific IgM and IgG (Gaida K. 2015). 

In the allergen-induced pneumonia model in mice, dupilumab (anti-IL- 4/13R antibody) 
reduced productions of IgE and antigen specific IgG1 at 25 mg/kg of twice weekly 
subcutaneous administration for 4weeks (Sanofi K.K. 2018). 

In mice immunized with dinitrophenyl antigen by i.p. injection, suplatast tosilate (an 
inhibitor of the production of cytokines such as IL-4 and IL-5 on Th2 cell) reduced 
productions of antigen specific IgE at 10, 20, 50 and 100 mg/kg of oral administration for 
5 days (Taiho Pharmaceutical 2013). In human cell culture immunized with Japanese 
cedar antigen, suplatast tosilate reduced productions of antigen specific IgE at the 
concentration of 10 µg/mL for 10 days (Taiho Pharmaceutical 2013). 

1,2:5,6-dibenzanthracene single adoministration suppressed production of IL-2 and total 
IgG antibody in mice at the dose levels of 3 and 30 mg/kg(Donna, C. et al. 2010). 

In male CD-1 mice, chronic psychosocial stress (types of social outcome occurred: residents 
becoming subordinates) for 21 days reduced IL-2 release in response to KLH and decrease 
in anti-KLH IgG(Alessandro, B. et al. 2003). 
 
 
FK506 or CsA suppressed production of IL-2 in mouse mixed lymphocyte reaction 
(MLR) at 0.1 to 10 nM of FK506 and 10 to 100 nM of CsA as well as in human MLR at 
0.1 to 10 nM of FK506 and 10 to 100 nM of CsA (Kino et al. 1987a). 

In CD3/phorbol 12-myristate-13-acetate-activated human T cells, FK506 suppressed 
production of IL-2, IL-4 and Interferon (IFN)-γ at the concentrations of 1.2 to 12.5 nM as 
well as inhibited expression of IL-2, IL-4 and IFN-γ mRNA at the concentrations of 10 
nM. (Dumont et al. 1998). 
 
 
Rats were treated with FK506 for over four weeks and immunized with keyhole limpet 
hemocyanine (KLH), after which serum concentration of anti-KLH IgM and IgG reduced 
at the dose levels of 3 mg/kg/day (Ulrich et al. 2004). 

Mice were treated with FK506 or CsA for 4 days, and immunized with sheep red blood 
cells (SRBC), after which antigen-specific plaque- forming splenocytes reduced at the 
dose levels of 3.2, 10, 32 and 100 mg/kg of FK506 or 32 and 100 mg/kg of CsA (Kino et 
al. 1987b). 

After 9-day culture of B cells and non-pre-activated T cell stimulationwith FK506 or CsA, 
the levels of IgM and IgG in the culture supernatant were reduced at 0.3 and 1.0 ng/mL 
(0.37 and 1.24 nM) of FK506 or 50 and 100 ng/mL (41 and 83nM) of CsA (Heidt et al, 
2010). 

After 4-day culture of SKW6.4 cells (IL-6-dependent IgM-secreting human B-cell line) 
and anti-CD3/CD28 stimulated PBMC culture supernatant with FK506 or CsA, the level 
of IgM in the culture supernatant was reduced at the concentrations of 0.01 to 100 ng/mL 
(0.01 to 124 nM) of FK506 or 0.1 to 1000 ng/mL (0.08 to 832 nM) of CsA (Sakuma et 
al, 2001). 

In vitro suppression of T-cell–derived cytokines and T-cell–dependent antibody production or 
antibody production after polyclonal T-cell stimulation showed similar dose responses to 
CNIs. Time gaps were found, however, between these two events, which showed earlier 
onset of cytokine production and delayed onset of antibody production. 



 

 

Based on these findings of empirical support, each KE involving MIE and AO except for KE2 shows similar dose 
responses to the CNIs in vitro; however, culture time lag is noted, in that, 1 hour for MIE, 2 hours for KE1 and KE2, 
22 to 24 hours for KE3 and more than days for AO. 

 

 

Quantitative Consideration 

KER1 

 

There have been no literature available to show clear quantitative relationship between the inhibition of CN phosphatase 
activity and nuclear translocation of NFAT; however, the dose responses of CN phosphatase activity and nuclear 
translocation of NFAT to CNI deem to be the same. 

KER2: 

 

Gel mobility shift assay of activated T cells showed that NFAT/AP-1 complexes are only found in nuclear extract, which 
indicates a strong relationship between the nuclear translocation of NFAT and simultaneous complex formation with 
AP-1 in the nucleus. CNI treatment clearly suppresses the complex formation of nuclear located NFAT and AP-1 in 
the nucleus, which also shows the solid relationship between these adjacent two KEs although quantitative data on 
suppressed NFAT/AP-1 complex formation is insufficient (Flaganan W.M. et al. 1991). 

KER3: 

 

The quantitative relationship between the decreased formation of NFAT/AP-1 complexes and the production of IL2/IL-
4 formation induced by CNIs has not been reported. 

However, as mentioned in the empirical support, nuclear localization of NFAT is strongly related to NFAT/AP-1 
complex formation in the nucleus based on the fact that these two events are detected simultaneously by gel mobility 
shift assay, and the dose responses of IL2/IL-4 production and nuclear translocation of NFAT inhibited by CNI are 
similar; therefore, dose ranges of CNI in the inhibitions of IL2/IL-4 production and NFAT/AP-1 complex 
formation in the nucleus might also be the same. 

In addition, T-5224 and ursolic acid inhibit AP-1 DNA binding activity or production of NF-κB, NFAT and AP-1, 
respectively, and both suppress the IL-2 and/or IL-4 production with dose dependent manner including the doses of 
inhibiting NFAT-AP-1 system (Yoshida et al. 2015, Checker et al. 2012). 

KER4: 

 

Cynomolgus monkeys treated wth CsA at 50 mg/kg BID for 24 days suppression of IL-2, IL-4 and sheep red blood 
cell (SRBC)-specific IgM and IgG (Gaida K. 2015). 

Inhibition of IL-4 production in mice treated with oral administration of suplatast tosilate suppresses antigen-specific 
IgE production with a dose- dependent manner (Taiho Pharmaceutical 2013). In the inhibition of IL-4 production in 
human cell culture by suplatast tosilate at the concentration of 10 µg/mL for 10 days, antigen specific IgE production 
was suppressed from 56 to 72% and IL-4 production was suppressed from 58 to 76% (Taiho Pharmaceutical 
2013). 

As for IL-2 and antibody production, in vitro T-cell-induced polyclonal B cell activation to produce antibody was 
inhibited with anti-IL-2 and anti-IL- 2R antibodies. T (Owens T, 1991). 



 

 

In the human T-B cell co-culture stimulated with anti-CD3 monoclonal antibody, CNIs of FK506 and CsA lowered the 
levels of T-cell cytokines including IL-2 and IL-4 and inhibited IgM and IgG productions with a dose-dependent 
manner (Heidt S. 2010). 

These results show the quantitative relationships between the inhibition of IL-4 or IL-2 by specific antibodies or CNI 
and suppression of antibody production. 

 

Considerations for Potential Applications of the AOP (optional) 

 

CN is expressed in T cells as well as other types of immune cells like B cells and dendritic cells. CNIs suppress many 
kinds of immune functions leading to increased susceptibility to infections and decreased hyper immune reactions 
such as rejection and GVHD. Among these, TDAR is considered to be the important endpoint of immunotoxicity, 
because T cells, B cells, and antigen-presenting cells such as dendritic cells are involved in inducing and developing of 
TDAR. Thus, changes in any of these immune cell populations can influence TDAR. 

Moreover, when evaluating the immunotoxicity of pharmaceuticals, the ICH S8 immunotoxicity testing guideline 
recommends that TDAR be evaluated whenever the target cells of immunotoxicity are not clear based on 
pharmacology and findings in standard toxicity studies. 

The draft FDA guidance of nonclinical safety evaluation for immunotoxicology is recently issued (2020) and 
recommends TDAR assay. Because TDAR is a common secondary assay that requires functionality of several key 
immune cell subtypes (e.g., antigen-presenting cells, T-helper cells, B cells). 

For the assessment for pesticides, US EPA OPPTS 870.7800 immunotoxicity testing guideline recommends TDAR 
using sheep red blood cells. 

As a part of an IATA of immunotoxicology, the present AOP could be used to predict whether or not a compound that 
potentially acts on T cells could also affect TDAR. On the other hand, it would be inappropriate to use the present 
AOP alone as an alternative to TDAR measurement in the ICH S8 or US EPA OPPTS 870.7800 immunotoxicity 
testing guideline. 
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Appendix 1 - MIE, KEs and AO 

List of MIEs in this AOP 

Event: 980: Inhibition, Calcineurin Activity (https://aopwiki.org/events/980) 

Short Name: Inhibition, Calcineurin Activity 
 
Key Event Component 
 

Process Object Action 

binding FK506-binding protein 15 increased 

binding FKBP12 (Arabidopsis thaliana) increased 
 
AOPs Including This Key Event 

 
AOP ID and Name Event Type 

Aop:154 - Inhibition of Calcineurin Activity Leading to Impaired T-Cell Dependent Antibody 
Response (https://aopwiki.org/aops/154) 

MolecularInitiatingEve
nt 

 
Stressors 

 
Name 

Tacrorimus 

Cyclosporin 

Pimecrolimus 

Dodecylbenzene sulfonate 

Dibefurin 

Gossypol 

Ascomycin 

Kaempferol 

1,5-dibenzoyloxymethyl-norcantharidin 
 

Biological Context 
 

Level of Biological Organization 

Molecular 
 
  

https://aopwiki.org/events/980
https://aopwiki.org/aops/154
https://aopwiki.org/aops/154


 

 

 

Evidence for Perturbation by Stressor 
 
Overview for Molecular Initiating Event 

CN inhibitory activities (IC50) are shown in follows.  

Tacrorimus: 0.4nM 

Cyclosporin: 7nM  

Pimecrolimus: 0.4 nM 

Dodecylbenzene sulfonate 9.3 uM  

Dibefurin: 44 uM 

Gossypol: 17 uM 

Ascomycin: 0.7 nM 

1,5-dibenzoyloxymethyl-norcantharidin: 7 uM 

Kaempferol: 51.3 uM 
 
 

Domain of Applicability 
 

Taxonomic Applicability 
 
 
Term 

Scientific 
Term 

 
 
Evidence 

 
 
Links 

Homo 
sapiens 

Homo sapiens High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=9606) 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606


 

 

 
 
 
Term 

Scientific 
Term 

 
 
Evidence 

 
 
Links 

Mus 
musculus 

Mus musculus High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=10090) 

Rattus rattus Rattus rattus High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=10117) 

 
Life Stage Applicability 

Life Stage Evidence 

All life stages High 
 
Sex Applicability 

Sex Evidence 

Mixed High 
 

CN is broadly distributed in T-cells, B‑cells, and throughout the body. The structure of CnA and CnB is highly 
conserved from yeasts to humans. Also highly conserved are the amino acid sequences of the catalytic and regulatory 
domains of CnA isoforms from different organisms (Kincaid. 1996). 

As for immunophilins, of which complexes inhibit the CN activity, FKBP is found in a wide variety of organisms, from 
prokaryotes to multicellular organisms (Siekierka et al. 1989a). Multiple subfamilies of FKBP have been reported, 
with at least eight types having been found in mammals. FKBP12 is reported to be expressed in B-cells, 
Langerhans cells and mast cells as well as in T-cells of humans, mice and other mammalian species. 

Cyclophilins have been found in mammals, plants, insects, fungi and bacteria. They are structurally conserved 
throughout evolution and all living beings have PPIase activity (Wang P et al. 2005). 

However, inhibition of CN phosphatase activity through immunophilin-CNI complex has been reported at least in 
rodents and humans. 

 

Key Event Description 
Calcineurin (CN) is a heterodimer that comprises a catalytic subunit (CnA), which handles phosphatase activity as well 
as calmodulin binding, and a Ca-binding regulatory subunit (CnB), which regulates intracellular calcium as well as 
CnA (Klee et al. 1988, Zhang et al. 1996). CnA, a 59kDa protein, has a serine-threonine phosphatase domain. 

Immunophilins are a general class of proteins that exhibit peptidyl-propyl isomerase (PPIase) activity (Barik. 2006) and 
an immunophilin-CN inhibitor (CNI) complex such as FKBP12- FK506 and cyclophilin-CsA binds directly to CnA in 
the cell, causing steric hindrance of substrate binding to CN, which inhibits the phosphatase activity of CN without any 
contribution of PPIase activity (Schreiber and Crabtree 1992, Liu et al. 1993, Bierer et al. 1993, Bram et al. 1993, 
Rao et al. 1997, Liu et al. 1991). 

 

How it is Measured or Detected 
Phosphatase activity can be measured using a phosphatase assay. CN, calmodulin, FK506, and FKBP are 
incubated together, and the phosphatase activity is measured at various concentrations of FKBP. Kinetic analysis of 
FKBP12 concentration-dependent phosphatase activity and calculation of Ki inhibition of CN by the FKBP12-FK506 
complex are conducted. (Bram et al. 1993). Phosphatase activity of CN in the presence of cyclosporin A (CsA) , 
gossypol or dibefurin can also be determined in the similar manner (Sieber et al. 2009). 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10090
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10090
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10117
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10117


 

 

Immunophilin-CNI complexes directly inhibit phosphatase activity of CN, therefore, as a surrogate measurement of 
the CN activity, the binding of CsA with cyclophilin can be detected using an ELISA kit. Microtiter plates precoated 
with BSA and conjugated to cyclosporin are incubated with cyclophilin. Bound cyclophilin is then revealed by 
incubation with anti-cyclophilin rabbit antiserum followed by incubation with anti-rabbit globulin goat IgG coupled to 
alkaline phosphatase (Quesniaux et al. 1987). 
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List of Key Events in the AOP 

Event: 979: Interference, nuclear localization of NFAT (https://aopwiki.org/events/979) 

Short Name: Interference, nuclear localization of NFAT 
 
Key Event Component 

 
Process Object Action 

genetic interference NFAT protein increased 
 
AOPs Including This Key Event 

 
 
 
AOP ID and Name 

Even
t 
Type 

Aop:154 - Inhibition of Calcineurin Activity Leading to Impaired T-Cell Dependent Antibody Response 
(https://aopwiki.org/aops/154) 

KeyEvent 

 
Stressors 

 
Name 

Tacrolimus 

Cyclosporin 
 

Biological Context 
 

Level of Biological Organization 

Molecular 
 
Organ term 

Organ term 

immune system 
 
  

https://aopwiki.org/events/979
https://aopwiki.org/aops/154
https://aopwiki.org/aops/154


 

 

Domain of Applicability 
 

Taxonomic Applicability 
 
 
Term 

Scientifi
c Term 

 
 
Evidence 

 
 
Links 

Homo 
sapiens 

Homo sapiens High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=9606) 

Mus 
musculus 

Mus musculus High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=10090) 

 
Life Stage Applicability 

Life Stage Evidence 

All life stages High 
 
Sex Applicability 

Sex Evidence 

Mixed High 
 
NFAT expresses in B cells, mast cells, neutrophils, granulocytes, dendritic cells, macrophages, and natural killer cells as 
well as T cells from humans, rodents and other mammalian species (Rao et al. 1997). 

 
 

Key Event Description 
The nuclear factor of activated T cells (NFAT) is a substrate of calcineurin (CN) (Rao et al. 1997). A NFAT has an 
N-terminal with a plurality of SP motifs rich in serine and proline, which are controlled by means of phosphorylation 
and dephosphorylation. There is a nuclear localization signal (NLS) held between these SP regions as well as a 
nuclear export signal (NES) in the N-terminal adjacent to the SP motifs (Beals et al. 1997, Zhu and McKeon 1999, 
Serfling et al. 2000). SP motifs ordinarily are phosphorylated, which covers the NLS and leaves the NES exposed, 
so that NFAT localizes in cytoplasm. When SP motifs are dephosphorylated by activated CN, the NLS is exposed 
and the NES is covered, thereby promoting nuclear localization of NFAT (Matsuda and Koyasu 2000, Zhu and 
McKeon 1999). When T-cell activation takes place, T-cell–receptor- mediated stimulus increases the intracellular 
concentration of calcium and activates a regulatory subunit (CnB), which subsequently induces a catalytic subunit (CnA) 
phosphatase activation, leading to dephosphorylation of NFAT followed by nuclear localization. CNI-immunophilin 
complexes inhibit CN phosphatase activation, thereby interfering with NFAT nuclear localization (Bhattacharyya 
et al.2011). 

Concentration-dependent reduction of in vitro nuclear localization of NFAT was evident at the concentration from 0.1 
nM (Jurkat T cells) or 10nM (human CD4+ T cells) and up to 1 µM (1000 nM) under the conditions of 2 hours 
treatment (Maguire et al. 2013). 

 
 

How it is Measured or Detected 
Nuclear translocation of NFAT can be tested by imaging flowcytometer, in which lymphocytes are treated with 
fluorescence-labeled anti-NFAT antibody and DAPI (nuclear stain) and intracellular distribution of NFAT is analyzed 
by imaging flowcytometry with image analysis (Maguire O et al. 2013). 

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10090
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=10090


 

 

Interference with translocation of NFAT to the nucleus can be detected using a gel mobility shift assay of nuclear or 
cytoplasmic extracts electrophoresed with end-labeled NFAT-binding site from human IL-2 enhancer (Flanagan et 
al. 1991). 
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Event: 981: Reduction, NFAT/AP-1 complex formation (https://aopwiki.org/events/981) 

Short Name: Reduction, NFAT/AP-1 complex formation 
Key Event Component 

 
Process Object Action 

cytokine production involved in inflammatory response NFAT activation molecule 1 decreased 

cell activation  increased 
 
AOPs Including This Key Event 

 
 
 
AOP ID and Name 

Even
t 
Type 

Aop:154 - Inhibition of Calcineurin Activity Leading to Impaired T-Cell Dependent Antibody Response 
(https://aopwiki.org/aops/154) 

KeyEvent 

 
Stressors 
 

Name 

Tacrolimus 

Cyclosporin 
 

Biological Context 
 

Level of Biological Organization 

Cellular 
 
Cell term 
 

Cell term 

T cell 
 
Organ term 

 
Organ term 

immune system 
 
  

https://aopwiki.org/events/981
https://aopwiki.org/aops/154
https://aopwiki.org/aops/154


 

 

Domain of Applicability 
 

Taxonomic Applicability 
 

 
 
Term 

Scientifi
c Term 

 
 
Evidence 

 
 
Links 

Homo 
sapiens 

Homo sapiens High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=9606) 

Mus 
musculus 

Mus musculus High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=10090) 

 
Life Stage Applicability 

Life Stage Evidence 

All life stages High 
 
Sex Applicability 

Sex Evidence 

Mixed High 
 
CN-NFAT system functionality is common among mammalian species, including humans and rodents. It is also 
possible that FK506-induced interference with NFAT/AP-1 complex formation at the promoter site of the IL-2 gene is 
common among mammalian T cells, including those of humans and rodents (Flanagan et al. 1991). 

 
 

Key Event Description 
Activated nuclear factor of activated T cells (NFAT) that has localized to the nucleus binds cooperatively at the 
site of the Interleukin-2 (IL-2) promoter with activator protein-1 (AP-1), which is a heterodimer comprising a Fos 
and a Jun protein (Schreiber and Crabtree 1992, Jain et al. 1992), thereby inducing transcription of IL-2 (Jain et al. 
1993). Interfered nuclear localization of NFAT, induced by FK506, hinders the formation of the functional 
NFAT/AP-1 complexes necessary to binding at the site of IL-2 promoters (Flanagan et al. 1991). 

NFAT is known to bind cooperatively at the promoters of Interleukin-4 (IL-4) and other T-cell cytokines as well as 
that of IL-2 (Macian et al. 2005). 
 
 
Treatment of activated T cells with FK506 at 100ng/mL (124nM) or CsA at 500ng/mL (416nM) for 2 hours hinders 
the formation of functional NFAT/AP-1 in the nucleus (Flanagan et al. 1991). 
 
 

How it is Measured or Detected 
Reductions in NFAT/AP-1 complex formation can be detected using a gel shift assay to test nuclear extracts from 
either stimulated or unstimulated Ar-5 T cells with radio-labelled NFAT binding oligonucleotide from murine IL-2 
promoter. Anti-Fos and anti-Jun antibodies are used to examine NFAT/AP-1 complex formation (Jain et al. 1992). 
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Event: 1202: Suppression, IL-2 and IL-4 production (https://aopwiki.org/events/1202) 

Short Name: Suppression, IL-2 and IL-4 production 
Key Event Component 

 
Process Object Action 

interleukin-2 production interleukin-2 decreased 

https://aopwiki.org/events/1202


 

 

 
AOPs Including This Key Event 

 
 
 
AOP ID and Name 

Even
t 
Type 

Aop:154 - Inhibition of Calcineurin Activity Leading to Impaired T-Cell Dependent Antibody Response 
(https://aopwiki.org/aops/154) 

KeyEvent 

 
Stressors 
 

Name 

Tacrolimus 

Cyclosporin 

Dexamethasone 

Azathioprine 

Methotrexate 

Benzo(a)pyrene 

Urethane 

1,2:5,6-dibenzanthracene 

psychosocial stress 
 

Biological Context 
 

Level of Biological Organization 

Cellular 
 
Organ term 
 

Organ term 

immune system 
 

Domain of Applicability 
 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

Homo sapiens Homo sapiens High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=9606) 

Mus musculus Mus musculus High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=10090) 

cynomolgu
s monkey 

Macaca 
fascicularis 

High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=9541) 
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Life Stage Applicability 
CNIs suppress production of IL-2, IL-3, IL-4, IL-5, IFN-γ, Granulocyte Macrophage colony-stimulating Factor 
(GM-CSF), and other cytokines, as induced by CD2/CD3 or CD3/CD26 stimulation, in human peripheral blood 
mononuclear cells (PBMC) (Sakuma et al. 2001a). Also, CNIs (FK506 and CsA) suppress production of IL-2, IL-3, 
IL-4, IL-5, IL-6, IL-10, Tumor Necrosis Factor-α, IFN-γ, and GM-CSF, as induced by CD3/PMA stimulation, in 
human PBMC (Dumont et al. 1998). 

CNIs (FK506 and CsA) exhibit suppression of IL-2 production induced from mixed lymphocyte reactions in mice and 
humans (Kino, T et al. 1987a). 

Treatment with CsA or 2C1.1 resulted in reduction of IL-2, IL-4, IL-5, and IL-17 cytokine production from 
PMA/ionomycin stimulation of whole blood in the cynomolgus monkey (Kevin, G. et al. 2014). 

These facts indicate that Calcineurin-NFAT system-mediated suppression of cytokines is commonly found in humans, 
monkey and mice. 

 
 

Key Event Description 
Production of T cell cytokines including Interleukin (IL)-2 and IL-4 is regulated by nuclear factor of activated T cells 
(NFAT)/ activator protein-1 (AP-1) complexes. Activated NFAT/AP-1 complex that bind at the site of the IL-2 and 
IL-4 promoters, thereby induces transcription of IL-2 (Jain et al. 1993). For IL-2, NFAT proteins are necessary for 
IL-2 gene expression and cooperation of NFAT with AP-1 is required for IL-2 gene transcription. For IL-4, At 
least five different NFAT sites have been described in the IL-4 promoter with at least three of them being 
composite sites binding NFAT and AP-1 (Macián et al. 2001). 

IL-2 binds to IL-2 receptor (IL-2R) and acts on T cell. CD25 is one of IL-2R. Basiliximab (Simulect) is known as 
anti-CD25 antibody. Basiliximab binds to IL-2R and blocks IL-2 signaling. Clinical transplantation study of 
basiliximab reveals decreases in rejections. On the other hand, basiliximab inhibits the activation of antigen specific T 
cells (Novartis Pharma 2016). 

Calcineurin inhibitors (CNIs) such as FK506 and cyclosporin A (CsA) hinder the formation of the functional NFAT/AP-
1 complexes by interfering with NFAT nuclear localization (Flanagan et al. 1991). Reduced binding of NFAT/AP-1 
complexes at the promoter site of the IL-2 gene lowers the transcription of the mRNA of IL-2 and the following 
cytokine production. 

Transcription of IL-4 is also inhibited by CNIs in the same manner as IL-2 (Dumont et al. 1998). 
 
In CD3/ phorbol 12-myristate-13-acetate (PMA)-activated human T cells, FK506 suppressed production of IL-2, IL-
4, and Interferon (IFN)-γ at the concentrations of 1.2 to 12.5 nM after 22 to 24 hours culture as well as inhibited 
expression of IL-2, IL-4, and IFN-γ mRNA in a dose-dependent (10 nM) manner (Dumont et al. 1998). 

Treatment with CsA completely eliminated detectable IL-2 release from 3A9 T cells co-cultured with antigen-bearing 
Ch27 B cells with an IC25 and IC50 for IL-2 production of 1.19 nM and 1.99 nM. Treatment with other 
immunosuppressant compounds (dexamethasone, azathioprine, methotrexate, benzo(a)pyrene and urethane) also 
resulted in decreased IL-2 release from stimulated 3A9 T cells at non-cytotoxic concentrations. Urethane, a weakly 
immunosuppressive chemical, was least potent in the assay, with an IC25 and IC50 for IL-2 secretion of 4.24 mM 
and 13.26 mM (D.M. Lehmann. et al. 2018). 

In male CD-1 mice, chronic psychosocial stress (types of social outcome occurred: residents becoming subordinates) 
reduced IL-2 release in response to keyhole limpet hemocyanine (KLH) (Alessandro, B. et al. 2003). 

In female B6C3F1 mice, 1,2:5,6-dibenzanthracene exposure reduced production of IL-2 in spleen cell culture 
supernatants after in vitro stimulation with Concanavalin A or lipopolysaccharide (Donna, C. et al. 2010). 



 

 

Treatment with CsA at 50 mg/kg BID via oral gavage or 2C1.1 (a fully human anti-ORAI1 monoclonal antibody) at 
25 mg/kg single IV resulted in reduction of IL-2, IL-4, IL-5, and IL-17 cytokine production from PMA/ionomycin 
stimulation of whole blood in the cynomolgus monkey (Kevin, G. et al. 2014). 

CNIs is considered to increase carcinogenicity through the suppression of IL-2 and IL-4 production. 
 

Renal transplant patients on immunosuppressive therapy were found to develop cancer within 10 years after 
surgery (Luster, M.I. et al. 1993). 

In experimental animal studies, carcinogenicity of FK506 was reported as follows. 
 

In mice subjected to topical application testing, in which 100 µL of FK506 ointment was applied once daily for two 
years to roughly 40% of the total body area, an increased incidence of lymphoma was found in mice of the 0.1% 
ointment group showing high blood concentrations of the drug (Maruho Co., Ltd 2014). 
In hairless albino mice, virtually all of which developed skin tumors after a 40-week exposure to ultraviolet light, 
application of a 1% FK506 ointment reduced the time to outbreak of the skin tumors. (Maruho Co., Ltd 2014). 

 
 

How it is Measured or Detected 
Quantitation of cytokine content was done on appropriately diluted samples, run in duplicate, using Sandwich Enzyme-
Linked ImmunoSorbent Assay (ELISA) kits to test matched Antibody pairs with biotin-horseradish peroxidase-
streptavidin detection and 3,3',5,5'-tetramethylbenzidine substrate. ELISA plates were scanned in a Molecular Devices 
UVmax plate reader (Menlo Park, CA), using SOFT max software (Molecular Devices) (Dumont et al. 1998). 

Ex vivo whole blood stimulated cytokine (IL-2, IL-4, IL-5, and IL-17) production assay in the supernatants were 
determined using an electrochemiluminescent immunoassay from Meso Scale Discovery (MSD; Gaithersburg, MD) 
(Kevin, G. et al. 2014). 

Total RNA was extracted using RNeasy mini kit (Qiagen, Chatsworth, CA) and quantitated by absorbance at 260 
nm. Cytokine mRNAs were detected using a RiboQuant MultiProbe RPA system (PharMingen, San Diego, CA). 
Riboprobes were 32P-labeled and hybridized overnight with 10 to 30 mg of the RNA samples. The hybridized RNA 
was treated with RNase and purified according to the RiboQuant protocol. The samples were then electrophoresed 
in 6% polyacrylamide-Tris-borate-EDTA-urea gels using the Seqi -Gen GT Nucleic Acid Electrophoresis Cell 
(Bio-Rad, Hercules, CA), or minigels (Novex, San Diego, CA). The gels were dried, exposed and quantitated in a 
PhosphorImager (Molecular Dynamics, Sunnyvale, CA) using the ImageQuant software (Dumont et al. 1998). 
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List of Adverse Outcomes in this AOP 

Event: 984: Impairment, T-cell dependent antibody response (https://aopwiki.org/events/984) 

Short Name: Impairment, T-cell dependent antibody response 
Key Event Component 

 
Process Object Action 

Immunosuppression  increased 
 
AOPs Including This Key Event 

 
AOP ID and Name Event Type 

Aop:154 - Inhibition of Calcineurin Activity Leading to Impaired T-Cell Dependent Antibody 
Response (https://aopwiki.org/aops/154) 

Adverse Outcome 

 
Stressors 

Name 

Tacrolimus 

Cyclosporin 

1,2:5,6-dibenzanthracene 

psychosocial stress 

https://aopwiki.org/events/984
https://aopwiki.org/aops/154
https://aopwiki.org/aops/154


 

 

 
Biological Context 

 
Level of Biological Organization 

Individual 
 

Domain of Applicability 
 

Taxonomic Applicability 

Term Scientific Term Evidence Links 

Homo sapiens Homo sapiens High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=9606) 

Mus musculus Mus musculus High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=10090) 

Rattus norvegicus Rattus 
norvegicu
s 

High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=10116) 

cynomolgu
s monkey 

Macaca 
fascicularis 

High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=9541) 

 
Life Stage Applicability 

Life Stage Evidence 

All life stages High 
 
Sex Applicability 

Sex Evidence 

Mixed High 
 
CNIs induced impairment of TDAR is demonstrated with rodent studies. That is, oral administration of FK506 or CsA 
to mice for 4 days impaired the response of PFC in splenocytes after intravenous immunization with sheep erythrocytes 
(Kino et al. 1987). Likewise, oral administration of FK506 to rats over a four-week period reduced production of both 
anti-KLH-IgG and IgM antibodies after subcutaneous immunization with KLH (Ulrich et al. 2004). Moreover, 
Treatment with CsA at 50 mg/kg BID via oral gavage in cynomolgus monkey resulted in reduction of serum SRBC- 
specific IgM and IgG (Kevin, G. et al. 2014). As for humans, in vitro experiments showed that treatment with 
FK506 or CsA of peripheral blood mononuclear cells from blood-bank donors suppressed the production of IgM and 
IgG antibodies specific to T-cell–dependent antigens. (Heidt et al, 2009) Also, in SKW6.4 cells (IL-6–dependent, 
IgM-secreting, human B-cell line) cultures, FK506 or CsA suppressed the production of IgM antibodies in the 
presence of T-cell activation. (Sakuma et al. 2001b) Considering that FKF506 and CsA reduce T cell-derived 
cytokines including IL-2 and IL-4, these findings strongly suggest that impairment of TDAR following reduced 
production of such cytokines occurs at least in common among humans monkey and rodents. 
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Key Event Description 
Antibody production to T-cell–dependent antigens is established through the coordination of B cells, antigen-presenting 
cells as well as T-cell– derived cytokines, which stimulate B cells to proliferate and differentiate. T-cell–dependent 
antibody response (TDAR) might be altered if any of these cell populations is affected. 

Interleukin (IL)-2 stimulates B cells to proliferate through surface IL-2 receptors. IL-4 stimulates B-cells to proliferate, 
to switch immunoglobulin classes, and to differentiate into plasma and memory cells. Suppressing the production of 
these B-cell–related cytokines appears to impair TDAR, as seen in the result of FK506 treatment (Heidt et al, 2009). 

 
IL-2 and IL-4 are produced and secreted by helper T cells and play important roles in the development of TDAR. IL-
4 affects maturation and class switching of B cells as well as proliferation, both of which induces/enhances T cell 
dependent antibody production. IL-2 promotes differentiation of B cells through IL-2 stimulates differentiation of the 
activated T cell into T cell called Th2 cell. Therefore, suppressed production of IL-2 and IL-4 impairs TDAR (Alberts 
et al. 2008). 

In male CD-1 mice, chronic psychosocial stress (types of social outcome occurred: residents becoming subordinates) 
decrease in anti- keyhole limpet hemocyanine (KLH) immunoglobulin (Ig)G. (Alessandro, B. et al. 2003). 

In female B6C3F1 mice, 1,2:5,6-dibenzanthracene (DBA) exposure reduced total IgG antibody in spleen cell culture 
supernatants after in vitro stimulation with lipopolysaccharide (LPS) (Donna, C. et al. 2010). 

Treatment with cyclosporin A (CsA) at 50 mg/kg BID via oral gavage in cynomolgus monkey resulted in reduction of 
serum sheep red blood cells (SRBC)-specific IgM and IgG (Kevin, G. et al. 2014). 

After a 9-day culture of B cells and non-pre-activated T cell stimulation with FK506 or CsA, the levels of IgM and IgG 
in the culture supernatant were reduced at 0.3 and 1.0 ng/mL (0.37 and 1.24 nM) of FK506 or 50 and 100 ng/mL 
(41.6 and 83.2 nM) of CsA (Heidt et al, 2009). 

After a 4-day culture of SKW6.4 cells (IL-6-dependent IgM-secreting human B-cell line) and anti-CD3/CD28 
stimulated peripheral blood mononuclear cells (PBMC) culture supernatant with FK506 or CsA, the level of IgM in 
the culture supernatant was reduced at concentrations of 
0.01 to 100 ng/mL (0.012 to 124 nM) of FK506 or 0.1 to 1000 ng/mL (0.083 to 83.2 nM) of CsA (Sakuma et al. 
2001b). 

 
Rats were treated with FK506 for over four weeks and immunized with KLH, after which serum concentration of anti-
KLH IgM and IgG was reduced at the dose level of 3 mg/kg/day (Ulrich et al. 2004). 

Mice were treated with FK506 or CsA for 4 days, and immunized with SRBC, after which antigen-specific plaque-
forming splenocytes were reduced at dose levels of 3.2, 10, 32 and 100 mg/kg of FK506 or 32 and 100 mg/kg of 
CsA (Kino et al. 1987b). 

As immunosuppression-derived adverse outcomes by calcineurin inhibition, FK506 and CsA increase the frequency 
and/or severity of infections and allergic reactions impaired TDAR deems to be one of the causative factors for these 
side effects . Some clinical trials of FK506 and CsA revealed these adverse effects as follows. 

In clinical trials of renal transplantation using FK506 or CsA, opportunistic infections such as candida, 
cytomegalovirus and herpes simplex virus were reported (Ekberg et al. 2007). 
In recipients of liver transplants treated with FK506 or CsA, opportunistic infections such as cytomegalovirus, 
hepatitis C virus, hepatitis B and herpes simplex virus were reported (Fung et al. 1991). 
Cardiac transplant patients treated with cyclosporin developed pulmonary infections within the first year after 
surgery (Luster, M.I. et al. 1993). 
In patients of X-linked autoimmune enteropathy treated with CsA or FK506, serum levels of IgE developed 
extremely high during the immunosuppressive therapy (Kawamura et al. 1997). 
Renal transplant recipients treated with belatacepy/mycophenolate (MMF)/predonisone or 
FK506/MMF/prednisone showed significantly lower the geometric mean hemagglutination inhibition titer against 



 

 

influenza vaccine, hemagglutination-specific IgG and isotype IgG1 antibodies, and IgG-antibody secreting cells 
response (Gangappa et al. 2019). 

 
 

How it is Measured or Detected 
TDAR could be examined in vivo and in vitro. 

 
In vivo studies of antigen-specific antibodies are usually performed by measuring serum antibody levels with Enzyme-
Linked ImmunoSorbent Assay (ELISA) or with a plaque-forming cell (PFC) assay. 

Rats were repeatedly administered FK506 orally for 4 weeks and immunized with KLH, after which the serum was 
examined for T-cell– dependent, antigen-specific, IgM and IgG levels using a Sandwich ELISA kit (Ulrich et 
al. 2004). 
Mice were repeatedly administered calcineurin inhibitors (CNIs) including FK506 and CsA orally for 4 days and 
immunized with SRBC, after which spleen cells were examined using a PFC assay (Kino et al. 1987). 
Cynomolgus monkeys received 50 mg/kg CsA twice a day via oral gavage (10 h apart) for 23 days and were 
immunized with SRBC, after which the serum was examined for Anti-SRBC IgM and IgG levels using an 
ELISA specific for SRBC antigen (Kevin, G. et al. 2014). 
Mice were exposed a single pharyngeal aspiration of DBA, after which supernatants of splenocytes cultured for 24 
h in the presence of LPS and assayed using a mouse IgM or IgG matched pairs antibody kit (Bethyl 
Laboratories, Montgomery, TX) (Donna, C. et al. 2010). 

For in vitro studies, total IgM and IgG levels in culture supernatant are often measured after polyclonal T-cell 
activation rather than measuring antigen stimulation in immune cell cultures. 

T cells and B cells isolated from human peripheral blood mononuclear cells (PBMC) were co-cultured with a 
CNIs for nine days in the presence of polyclonal–T-cell stimulation, after which supernatants were tested for 
immunoglobulin IgM and IgG levels using a Sandwich ELISA kit. Treatment with FK506 or CsA reduced the 
levels of IgM and IgG at the concentrations of 0.3 and 1.0 ng/mL or 50 and 100 ng/mL (Heidt et al, 2009). 
SKW6.4 cells (IL-6-dependent IgM-secreting human B-cell line) were cultured with anti-CD3/CD28 antibody-
stimulated PBMC culture supernatant. After culturing for four days, IgM produced in the culture supernatants was 
measured using an ELISA kit. FK506 or CsA reduced the levels of IgM at the concentrations of 0.01 to 100 
ng/mL or 0.1 to 1000 ng/mL (Sakuma et al. 2001b). 
In order to examine class switching, T cells derived from human PBMCs were cultured with CNIs, and cytokine 
mRNA levels of Interferon- gamma, IL-2, IL-4, IL-5, IL-10, IL-13, and other B-cell–stimulatory cytokines 
produced in T cells were measured by quantitative PCR (Dumont et al. 1998). 



 

 

 
 

Regulatory Significance of the AO 
TDAR is considered to be the most important endpoint of immunotoxicity, because T cells, B cells, and antigen-
presenting cells such as dendritic cells are involved in inducing and developing of TDAR. Thus, changes in any of 
these immune cell populations can influence TDAR. 

Moreover, ICH S8 immunotoxicity testing guideline on pharmaceuticals recommends that TDAR be evaluated 
whenever the target cells of immunotoxicity are not clear based on pharmacology and findings in standard toxicity 
studies. For the assessment for pesticides, US EPA OPPTS 870.7800 immunotoxicity testing guideline 
recommends TDAR using SRBC. 

The draft FDA guidance of nonclinical safety evaluation for immunotoxicology recommends TDAR assay. 
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Appendix 2: List of Key Event Relationships in the AOP 

List of Adjacent Key Event Relationships 

Relationship: 1508: Inhibition, Calcineurin Activity leads to Interference, nuclear localization of NFAT 
(https://aopwiki.org/relationships/1508) 

AOPs Referencing Relationship 
 

 
 
AOP Name 

 
 
Adjacency 

Weight 
of 
Evidenc
e 

Quantitative 
Understanding 

Inhibition of Calcineurin Activity Leading to Impaired T-Cell 
Dependent Antibody Response (https://aopwiki.org/aops/154) 

adjacent Moderate Moderate 
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Evidence Supporting Applicability of this Relationship 
Taxonomic Applicability 
 
 
Term 

Scientifi
c Term 

 
 
Evidence 

 
 
Links 

Homo sapiens Homo sapiens Moderat
e 

NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=9606) 

Mus 
musculoide
s 

Mus 
musculoide
s 

Moderat
e 

NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=60742) 

 
Life Stage Applicability 

Life Stage Evidence 

All life stages High 
 
Sex Applicability 

Sex Evidence 

Mixed High 
 
CN is broadly distributed throughout the body, and the structure of CnA and CnB is highly conserved from yeasts to 
humans (Kincaid. 1993). 

 
NFAT expresses in B cells, mast cells, neutrophils, granulocytes, dendritic cells, macrophages, and natural killer cells 
as well as T cells from humans, rodents and other mammalian species (Rao et al. 1997). 

FKBP is found in a wide variety of organisms, from prokaryotes to multicellular organisms (Siekierka et al. 1989). 
Multiple subfamilies of FKBP have been reported, with at least eight types having been found in mammals. FKBP12 is 
reported to be expressed in B-cells, Langerhans cells, and mast cells as well as in T-cells of humans, mice and other 
mammalian species. 

Cyclophilins have been found in mammals, plants, insects, fungi and bacteria. They are structurally conserved 
throughout evolution and all have PPIase activity (Wang P et al. 2005). 

These facts indicate that CN and immunophilins are conserved among animals and plants although they show multiple 
physiological functions. 

 
In addition, CNI/immunophilin complex-induced inhibition of CN phosphatase activity resulting in suppression of 
immune responses is found in humans and mice. 

Key Event Relationship  Description 
The phosphatase activity of calcineurin (CN) is known to be inhibited by CN inhibitors (CNIs) such as FK506 and 
cyclosporin A (CsA) through the formation of complexes with immunophilins. 

Immunophilins of FK506-binding protein (FKBP) and cyclophilin bind with CNIs FK506 and CsA to form complexes, 
which inhibit CN activity (Barik. 2006). 

While FKBP12, FKBP12.6, FKBP13, and FKBP52 are all part of the FK506-binding FKBP family, FKBP12 has a 
significant involvement in the mechanism of action for FK506-induced immunosuppression (Siekierka et al. 1989, 
Kang et al. 2008). 
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FKBP12 is a 12-kDa protein localized in cytoplasm and has been isolated from Jurkat T-cells as a receptor that 
binds with the FK506 (Bram et al. 1993). FKBP12 has an FK506-binding domain (FKBD) that comprises 108 
amino acids, and is expressed in T cells, B cells, Langerhans cells, and mast cells (Siekierka et al. 1990, Panhans-
Gross et al. 2001, Hultsch et al. 1991). 

Cyclophilin and FKBP both exhibit peptidyl propyl isomerase (PPIase) activity, but the PPlase activity and the 
inhibition of activity that they indicate are unrelated to CN regulation. 

CN is a heterodimer that comprises a catalytic subunit (CnA) and a Ca-binding regulatory subunit (CnB). CnA handles 
phosphatase activity as well as calmodulin binding, and CnB regulates intracellular calcium and CnA (Klee et al. 
1988, Zhang et al. 1996). CnA is a 59kDa protein with a serine-threonine phosphatase domain. 

CNI-immunophilin complexes such as FK506/FKBP complexes and cyclophilin/CsA complexes bind directly to CnA in 
the cell, causing steric hindrance of substrate binding to CN, which in turn inhibits phosphatase activity of CN 
(Schreiber and Crabtree 1992, Liu et al. 1993, Bierer et al. 1993, Bram et al. 1993, Rao et al. 1997, Liu et al. 1991). 

The nuclear factor of activated T cells (NFAT) is a substrate of CN (Rao et al. 1997). 

When T-cell activation takes place, T-cell–receptor-mediated stimulus increases the intracellular concentration of 
calcium and activates CnB, which subsequently induces CnA phosphatase activation, leading to dephosphorylation of 
NFAT. In that process, . dephosphorylated SP motifs exposes nuclear localization signal (NLS) and covers nuclear 
export signal (NES), thereby promoting nuclear localization of NFAT (Matsuda and Koyasu 2000, Zhu and McKeon 
1999). 

When CN activity is inhibited by the binding of immunophilin complexes, dephosphorylation does not occur in NFAT, 
thereby interfering with nuclear localization. 

Evidence Supporting this KER 
Biological Plausibility 

The molecular structures and functions of CN and NFAT are evident based on sufficient scientific findings as mentioned 
above The known mechanisms for inhibition of CN phosphatase activity by FK506, CsA, or other CNIs are initiated by 
the formation of complexes with their respective immunophilin species. Immunophilins are general classes of proteins 
that exhibit PPlase activity, but modification of these functions is unrelated to inhibition of CN activity and thus 
thought to arise in the molecular structure of the complexes (Schreiber and Crabtree 1992, Liu et al. 1993, Bierer et al. 
1993, Bram et al. 1993, Rao et al. 1997, Liu et al. 1991). 

As mentioned above, inhibition of CN phosphatase activity interferes with the dephosphorylation of NFAT, which leads 
to the suppression of its nuclear localization. 

Empirical Evidence 

Much experimental data is available that supports the inhibition of CN activity induced by CNI/immunophilin 
complexes, which subsequently suppress nuclear localization of NFAT. In addition, CN phosphatase activity is 
inhibited by 24 hours treatment with CNI of FK506 and CsA with IC50 values of 0.5 and 5 nM, respectively 
(Fruman et al.1992). 

Also, concentration-dependent reduction of in vitro nuclear localization of NFAT was evident using imaging 
flowcytometry at the maximum concentration of 1 µM with minimal concentration of 0.1nM (Jurkat human T cell line) 
or 10nM (T cells from whole blood) after 2 hours treatment of tacrolimus (Maguire et al. 2013). Interference with 
translocation of NFAT to the nucleus is also detected using gel mobility shift assay to test nuclear extracts and 
cytoplasmic extracts, in which the examined concentration of FK506 was 10ng/mL (Flanagan et al. 1991). 

These findings show that dose responses and temporality of MIE and KE1 seem to be the same. 
  



 

 

Uncertainties and Inconsistencies 

CN and NFAT are expressed in T cells and other immune cells including B cells, DC, and NKT cells and related to 
cytokine productions from these immune cells. Also, expression of IL-2 receptors (IL-2R) in DCs are lowered due to 
the inhibition of CN phosphatase activity by CNI treatment. Of these, reduced production of IL-2 and IL-4 from T 
cells plays a major role in suppression of TDAR due to lower proliferation, differentiation, and class switching of B 
cells. There have been no reports of CNI-induced reduction of cytokines other than IL-2 and IL-4 or reduced expression 
of IL-2R resulting in TDAR suppression. 

FKBP12, a specific immunophilin that binds with FK506, is also an accessory molecule that binds to IP3 and 
Ryanodine receptors, both of which occur in Ca channels located on the membrane of the endoplasmic reticulum and 
participate in the regulation of intracellular Ca concentration. 

When binding with FK506, FKBP12 leaves these receptors to increase the influx of Ca2+ from the endoplasmic 
reticulum to cytoplasm, which should increase CN activity. Treatment with FK506, however, suppresses NFAT 
nuclear localization. In addition, FKBP12-knock out mice show no changes in immune function, including T-cell 
function. These facts suggest that the inhibition of CN-NFAT systems induced by FK506 treatment results from 
direct inhibition of CN phosphatase activity by FK506/FKBP12 complexes and not by affecting Ryanodine and IP3 
receptors associated with FKBP12. 

Quantitative Understanding of the Linkage 
Response-response relationship 

MIE: 

Dose-response analysis of the effects of FK506 on CN phosphatase activity in mast cell-derived KiSVMC4W cells 
transfected with human FKBP12 cDNA showed that increased expression of FKBP12 resulted in a greater than 
ten-fold increase in sensitivity to FK506-mediated inhibition, as indicated by an IC50 value of roughly 2 nM with 
linear inverse dose-response curve after 1 hour incuvation (Fruman et al.1995). Another phosphatase assay showed 
that FK506 inhibition of CN activity was concentration-dependent reverse sigmoidal and that IC50 values for CN 
inhibition were approximately 0.5 nM for FK 506 and 5 nM for CsA after 1 hour culture (Fruman et al.1992). 

KE1: 

Dose-dependent interference with nuclear translocation of NFAT1 was observed with increasing CNI concentrations 
from 0.1 nM (Jurkat human T cells) up to 1 µM (1000 nM) using imaging flowcytometer. Higher concentrations 
induced cellular toxicity and resulted in cell death. Dose- dependent interference of nuclear NFAT1 translocation per 
CN inhibition was also observed in CD4+ T cells from healthy donors, again at maximal concentrations of 1 µM with 
minimum concentration of 10nM (Maguire et al. 2013). 

There have been no literature available to compare directly the dose response of inhibition of CN phosphatase activity 
with that of nuclear translocation of NFAT; however, the concentration ranges of CNIs for inhibition of CN 
phosphatase activity and nuclear translocation of NFAT seem to be the same range. 

Time-scale 

Inhibition of CN phosphatase activity was examined after 1 hour culture of T cells (Fruman et al.1995, Fruman et 
al.1992), and inhibition of nuclear translocation of NFAT was measured by imaging flowcytometry after 2 hour 
culture of T cells with CNI (Maguire et al. 2013). 

Known modulating factors 

At present, no evidence is found. 

Known Feedforward/Feedback loops influencing this KER 

At present, no evidence is found. 
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Relationship: 1017: Interference, nuclear localization of NFAT leads to Reduction, NFAT/AP-1 
complex formation (https://aopwiki.org/relationships/1017) 
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Adjacency 
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e 

Quantitative 
Understanding 

Inhibition of Calcineurin Activity Leading to Impaired T-Cell 
Dependent Antibody Response (https://aopwiki.org/aops/154) 

adjacent High High 
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Evidence Supporting Applicability of this Relationship 
Taxonomic Applicability 

 
 
 
Term 

Scientifi
c Term 

 
 
Evidence 

 
 
Links 

Homo 
sapiens 

Homo sapiens High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=9606) 

Mus 
musculus 

Mus musculus High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=10090) 

 
Life Stage Applicability 

Life Stage Evidence 

All life stages High 
 
Sex Applicability 

Sex Evidence 

Unspecific  

 
NFAT expresses in B cells, mast cells, neutrophils, granulocytes, dendritic cells, macrophages, and natural killer cells 
as well as T cells from humans, rodents, and other mammalian species (Rao et al. 1997). 

CN-NFAT system functionality is common among mammalian species, including humans and rodents. It is also possible 
that FK506-induced interference with NFAT/AP-1 complex formation at the promoter site of the IL-2 gene is common 
among mammalian T cells, including those of humans and rodents (Flanagan et al. 1991). 

Key Event Relationship  Description 
Activated (dephosphorylated) nuclear factor of activated T cells (NFAT) is translocated into the nucleus through the 
molecular changes of exposing nuclear localization signal (NLS) and concomitant masking of nuclear export signal 
(NES) due to dephosphorylation of the SP motifs of NFAT. (Matsuda and Koyasu 2000, Zhu and McKeon 1999). 

Nuclear localization of NFAT results in the NFAT binding with AP 1 at the IL-2 promoter region, (Schreiber and 
Crabtree 1992; Jain et al. 1992) and induces transcription of IL-2 (Jain et al. 1993). In addition to IL-2, NFAT 
localized in the nucleus of T cells also binds to the promoter region of the other classes of cytokines including IL-4 
and IL-13. 

Once CN phosphatase activity is inhibited, dephosphorylation of NFAT and subsequent nuclear localization of NFAT 
decreases, which results in a decrease of NFAT/AP-1 complex formation at the cytokine promoter sites (Rao et al. 
1997). 

Evidence Supporting this KER 
Biological Plausibility 
As has been mentioned, NFAT has NLS and NES among and adjacent to the N-terminal region rich in SP motifs, 
and once the SP region is dephosphorylated, the NLS is exposed and the NES is covered, which leads to translocation 
of NFAT into the nucleus (Matsuda and Koyasu 2000). 

It is well known from the experiments using CN inhibitors (CNIs) that interference with the nuclear localization of 
NFAT in T cells leads to a reduction in the formation of NFAT/AP-1 complexes, thereby suppressing transcription of 
IL-2, IL-4, and a number of other cytokines (Maguire et al. 2013, Jain et al. 1992, Jain et al. 1993). 
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In contrast to T cells, B-cell receptor-mediated increases in intracellular concentration of calcium in B cells leads to 
NFAT nuclear localization, thereby producing some classes of cytokines in the same manner as T-cells 
(Bhattacharyya et al.2011). However, there has been no report of any evidence that CNI acts directly on B cells to 
effect antibody production. 

Expression of IL-2 receptors in dendritic cells and NKT cells is also reported to be regulated by this CN-NFAT 
system (Panhans-Gross A et al. 2001; Kim et al. 2010), but there is no report showing that CNIs suppress TDAR 
through the changes in IL-2R expression in these cells. 

Empirical Evidence 
The relationship of the interference of nuclear localization of NFAT leading to reduced NFAT/AP-1 complex formation 
bound at the promoter sites of cytokine genes in the presence of CNIs is well known as mentioned above. 

Imaging flowcytometry revealed that concentration-dependent reduction of in vitro nuclear localization of NFAT was 
evident at the maximum concentration of 1 µM with minimal concentration of 0.1nM (Jurkat human T cell line) or 
10nM (CD4+T cells from whole blood) after 2 hours treatment of tacrolimus (Maguire et al. 2013). 

The experiment of gel mobility shift assay using Ar-5 human T cells stimulated with cross-linked anti-CD3 antibody 
showed that NFAT/AP-1 (cFos and Jun) complexes were found only in the nuclear extract with preexisting NFAT in 
the cytoplasm after T cell stimulation and that the NFAT/AP-1 complexes in the nucleus decreased after 2 hours 
treatment with CsA at 1µM (Jain et al. 1992). Decreased NFAT translocated to the nucleus, induced by FK506 at 
100ng/mL (124nM) or CsA at 500ng/mL (416nM) after 2 hours treatment, hinders the formation of the functional 
NFAT/AP-1 complexes necessary to binding at the site of IL-2 promoters (Flanagan et al. 1991) NFAT/AP-1 
complex formation was also reported to be inhibited by CNI (Rao et al. 1997). 

 
Quantitative understanding of NFAT/AP-1 complex formation in the nucleus is insufficient although nuclear NFAT/AP-
1 complex formation was shown to be inhibited with FK506 at the concentration within the concentration range of 
FK506 for the inhibition of nuclear translocation of NFAT. 

Uncertainties and Inconsistencies 
Nothing especially 
 

Quantitative Understanding of the Linkage 
Response-response relationship 
The relationship of the interference of nuclear localization of NFAT leading to reduced NFAT/AP-1 complex formation 
bound at the promoter sites of cytokine genes in the presence of CNIs is well known as mentioned above. 

KE1: 
 
Dose-dependent interference with nuclear translocation of NFAT1 was observed with increasing FK506 concentrations 
from 0.01nM (Jarkat T cells) up to 1 µM (1000 nM). Higher concentrations induced cellular toxicity and resulted in cell 
death. Dose-dependent interference of nuclear NFAT1 translocation per CN inhibition was also observed in CD4+ T 
cells from healthy donors, again from 10nM to maximal concentrations of 1 µM (Maguire et al. 2013). Both 
parameters were measured after 2 hour culture of T cells with FK506. 

KE2: 
 
Reduction in generation of NFAT/AP-1 complexes can be detected using a gel shift assay (Rao et al. 1997, Jain et 
al. 1992, Jain et al. 1993). 

 
Decreased NFAT translocated to the nucleus, induced by FK506 at 100ng/mL (124nM) or CsA at 500ng/mL 
(416nM) after 2 hours treatment, hinders the formation of the functional NFAT/AP-1 complexes necessary to 
binding at the site of IL-2 promoters (Flanagan et al. 1991). As mentioned above, the gel mobility shift assay also 
showed that NFAT/AP-1 complexes were formed only in the nucleus after T cell activation with unchanged 



 

 

preexisting NFAT in the cytoplasm and that treatment of T cells with 1µM FK506 led to decease the levels of 
NFAT/AP-1 complex (Jain et al. 1992). 

These findings suggest that nuclear translocation of NFAT after T cell stimulation is strongly related to the complex 
formation with AP-1 in the nucleus, and FK506 was shown to inhibit NFAT/AP-1 complex formation in the nucleus at 
the concentrations within the concentration range of FK506 for suppressing nuclear translocation of NFAT (Maguire 
et al. 2013). 

Time-scale 
Nuclear translocation of NFAT was shown to be inhibited in vitro using imaging flowcytometry after 2 hours culture of 
T cells with FK506 (Maguire et al. 2013), and gel mobility shift assay revealed the inhibition of nuclear translocation of 
NFAT and following complex formation with AP-1 within the nucleus after 2 hours culture of T cells with FK506 
(Jain et al. 1992, Flanagan et al. 1991). 

Known modulating factors 
At present, no evidence is found. 

 
Known Feedforward/Feedback loops influencing this KER 
At present, no evidence is found. 
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Relationship: 1509: Reduction, NFAT/AP-1 complex formation leads to Suppression, IL-2 and IL-4 
production (https://aopwiki.org/relationships/1509) 

AOPs Referencing Relationship 
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Adjacency 
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Inhibition of Calcineurin Activity Leading to Impaired T-Cell 
Dependent Antibody Response (https://aopwiki.org/aops/154) 

adjacent High High 

 

Evidence Supporting Applicability of this Relationship 
 

Taxonomic Applicability 
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Scientifi
c Term 
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Links 

Homo 
sapiens 

Homo sapiens High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=9606) 

 
Life Stage Applicability 

Life Stage Evidence 

All life stages High 
 
Sex Applicability 

Sex Evidence 

Mixed High 
 
In purified T cell from male C57BL/6J mice, T-5224 (a selective c-Fos/AP-1 inhibitor) inhibits the DNA-binding 
activity of AP-1, IL-2 production and CD25 (IL-2R) up-regulation (Yoshida et al. 2015). 

In splenic lymphocytes and/or CD4+ T cells, ursolic acid suppressed products of NF-kB, NFAT and AP-1, and 
inhibits secretion of IL-2 and IL-4, mRNA level of IL-2 and CD25 expression (Checker et al. 2012). 

NFATp- and NFAT4-deficient mice indicate decreased production of IL-2 (Ranger et al. 1998). 
 
NFAT/AP-1 complex formation in the nucleus was shown using murine and human T cells lines (Jain J et al. 
1992). In addition to data on suppression of cytokine production by CNI in rodents, FK506 is reported to inhibit 
expression of both IL-2 and mRNA in human anti-CD3/PMA- activated cells (Dumont et al. 1998). 

Key Event Relationship Description 
Localized nuclear factor of activated T cells (NFAT) in the nucleus of T cells binds to form complexes with 
activator protein-1 (AP-1) at the Interleukin (IL)-2 promoter region (Schreiber and Crabtree 1992; Jain et al. 1992), 
which induces transcription of IL-2 (Jain et al. 1993). In addition to IL-2, NFAT localized in the nucleus of T cells 
also binds to the promoter region of the other classes of cytokines including IL-4 and IL-13. 

For IL-2, NFAT proteins are necessary for IL-2 gene expression and cooperation of NFAT with AP-1 is required for 
IL-2 gene transcription. For IL- 4, At least five different NFAT sites have been described in the IL-4 promoter with at 
least three of them being composite sites binding NFAT and AP-1 (Macián et al. 2001). 
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Decreased formation of NFAT/AP-1 complex at the promoter region of IL-2 genes in the nucleus of T cells following 
lowed nuclear localization of NFAT by calcineurin inhibitor (CNI) treatment reduces the transcription of IL-2 (Dumont 
et al. 1998). Production in T cells of IL-4 and other classes of cytokines is also suppressed in the same manner as IL-
2 (Dumont et al. 1998). 

Evidence Supporting this KER 
Biological Plausibility 
T-5224, a selective c-Fos/AP-1 inhibitor, inhibits the DNA-binding activity of AP-1 in primary murine T cells. T-5224 
also inhibits CD25 (one of IL-2 receptors) up-regulation, IL-2 production, and c-Fos DNA-binding activity in mice 
(Yoshida et al. 2015). 

Dexamethasone represses the IL-2 mRNA induction. glucocorticoid-induced leucine zipper (GILZ) is one of the most 
prominent glucocorticoid- induced genes, and inhibited the induction of the NFAT reporter and interferes with the AP-
1 component of the NFAT/AP-1 complex. GILZ also inhibits the IL-2 promoter (Mittelstadt et al. 2001). 

Ursolic acid suppressed activation of three immunoregulatory transcription factors NF-kB, NFAT and AP-1. 
Treatment of lymphocytes and CD4+ T cells with ursolic acid inhibited secretion of IL-2 and IL-4 cytokines. 
Treatment of CD4+ T cells with ursolic acid suppressed mRNA level of IL-2. Treatment of lymphocytes with ursolic 
acid inhibited the upregulation of CD25 expression on T cells (Checker et al. 2012). 

NFATp- and NFAT4-deficient mice indicate decreased production of Th1 cytokine including IL-2 (Ranger et al. 
1998). 

 
It is generally accepted that NFAT, translocated to the nucleus after T-cell stimulation, binds with AP-1 to the promoter 
regions of the cytokine genes to mount transcription, which follows production of these T-cell–derived cytokines. Of 
these cytokines, IL-2 and IL-4 promote proliferation, maturation, and class-switching of B cells to enhance TDAR. 

There is also sufficient evidence to support the hypothesis that CNI-induced decreases in T-cell–derived cytokine 
production is mediated through suppressed nuclear localization of NFAT, with a resultant decrease in the amount of 
NFAT/AP-1 complex binding to the promoter regions of T- cell-derived cytokines. 

When stimulated with ovalbumin, calcineurin A (CnA)-knockout (KO) mice produce less Interferon (IFN)- γ, IL-2, 
and IL-4 than wild-type mice. However, primary antibody response in CnA-KO mice is normal in response to 
trinitrophenol-ovalbumin (Zhang et al. 1996). 

The following phenotypes are observed in NFAT-KO mice: moderate hyperproliferation with splenomegaly; moderately 
enhanced B- and T-cell responses, with bias towards Th2- cell responses; decreased IFN-γ production in response to 
TCR ligation; reduced proliferative responses by T cells; impaired repopulation of the thymus and lymphoid organs; 
impaired Th2-cell responses and IL-4 production; grossly impaired T-cell effector functions, with profound defects in 
cytokine production and cytolytic activity; B-cell hyperactivity; impaired development of CD4 and CD8 single- 
positive cells, with increased apoptosis of double-positive thymocytes; and mild hyperactivation of peripheral T 
cells (Macian, 2005). 

Therefore, the study of NFAT-KO mice shows that NFAT is involved in a wide range of immune responses, and 
some of these phenomenon are known to be regulated by calcineurin (CN). Suppression of T-cell-derived cytokines is 
noted both in CnA-KO and NFAT-KO mice, which indicates that the production of T-cell derived cytokines such as 
IL-2 and IL-4 is regulated by the CN-NFAT system. 

FK506-FKBP12 complex decreased CN phosphatase activity, which leads to inhibit translocation of NFAT to the 
nucleus. Because NF-ATp is an essential transcription factor regulating the IL-2 gene, FK506 ultimately blocks the T-
cell response by inhibiting IL-2 transcription (Panhans-Gross A et al. 2001). FK506 inhibited IL-2 mRNA expression 
in anti-CD3/phorbol 12-myristate-13-acetate (PMA)-activated cells (Dumont et al. 1998). 



 

 

These facts indicate that although NFAT is widely involved in the function of T cells, the effect of CNIs is to suppress 
production of some classes of T‑cell–derived cytokines through reducing the formation of NFAT/AP-1 complexes 
induced by inhibition of CN phosphatase activity. 

Empirical Evidence 
Empirical support of Reduction, NFAT/AP-1 complex formation leading to Suppression, IL-2 and IL-4 production is 
strong. 
 Rationale: 

In purified T cell from male C57BL/6J mice, T-5224 (a selective c-Fos/AP-1 inhibitor) inhibits the DNA-binding 
activity of AP-1 and CD25 (one of IL-2 receptors) up-regulation at 80 µg/mL, and IL-2 production in a dose-
dependent manner from 40 to 80 µg/mL (Yoshida et al. 2015). 
In splenic lymphocytes stimulated with concanavalin A for 24 h in C57BL/6 mice, ursolic acid suppressed products 
of NF-kB, NFAT and AP-1 at 5 µM for 4 h. Secretion of IL-2 and IL-4 was inhibited in lymphocytes stimulated 
with concanavalin A for 24 h at concentrations of 0.5, 1 and 5 µM of ursolic acid, and lymphocytes and CD4+ 
T cells stimulated with anti-CD3/anti-CD28 mAb for 24 h at concentration of 5 µM of ursolic acid. In CD4+ T 
cells stimulated with anti-CD3/anti-CD28 mAb for 24 h, ursolic acid suppressed mRNA level of IL-2 at 5 µM 
for 4 h. In lymphocytes stimulated with concanavalin A for 24 h, ursolic acid inhibited CD25 expression at 5 
µM for 4 h (Checker et al. 
2012). 
In NFATp- and NFAT4-deficient mice, cultured splenocytes bound anti-CD3 for 48 h indicates decreased 
production of Th1 cytokine including IL-2 (Ranger et al. 1998). 

It is well established that inhibition of NFAT/AP-1 complex formation at the promoter sites reduces the production of 
T-cell–derived cytokines including IL-2 and IL-4, which are mainly involved in T-cell–dependent antibody 
response. 

NFAT/AP-1 complex formation is inhibited by CNI shown by gel shit mobility assay using human T cell line 
or CD4+ T cells from heathy donners after 2 hours treatment with cyclosporin A (CsA) at 1µM.. Preceding NFAT 
nuclear localization after T cell activation is suppressed with FK506 at the dose range of 0.01nM (Jarkat T cells) 
or 10nM (CD4+ T cells) to 1µM (Maguire et al. 2013), and NFAT nuclear localization and NFAT/AP-1 
complex formation is shown to be strongly related (Jain et al. 1992, Jain et al. 1993). 
In CD3/PMA-activated human T cells, FK506 suppressed production of IL-2, IL-4, and IFN-γ at the 
concentrations of 1.2 to 12.5 nM after 22 to 24 hours culture as well as inhibited expression of IL-2, IL-4, and 
IFN-γ mRNA in a dose-dependent (10 nM) manner after 3 day culture (Dumont et al. 1998). 
Treatment with CsA completely eliminated detectable IL-2 release from 3A9 T cells co-cultured with antigen-
bearing Ch27 B cells with an IC25 and IC50 for IL-2 production of 1.19 nM and 1.99 nM. Treatment with 
other immunosuppressant compounds (dexamethasone, azathioprine, methotrexate, benzo(a)pyrene and 
urethane) also resulted in decreased IL-2 release from stimulated 3A9 T cells at non- cytotoxic concentrations. 
Urethane, a weakly immunosuppressive chemical, was least potent in the assay, with an IC25 and IC50 for IL-2 
secretion of 4.24 mM and 13.26 mM (D.M. Lehmann. et al. 2018). 
In female B6C3F1 mice, 1,2:5,6-dibenzanthracene exposure reduced production of IL-2 in spleen cell culture 
supernatants after in vitro stimulation with Concanavalin A or lipopolysaccharide (Donna, C. et al. 2010). 
Treatment with CsA at 50 mg/kg BID via oral gavage or 2C1.1 (a fully human anti-ORAI1 monoclonal 
antibody) at 25 mg/kg single IV resulted in reduction of IL-2, IL-4, IL-5, and IL-17 cytokine production from 
PMA/ionomycin stimulation of whole blood in the cynomolgus monkey (Kevin, G. et al. 2014). 
In male CD-1 mice, chronic psychosocial stress (types of social outcome occurred: residents becoming 
subordinates) reduced IL-2 release in response to keyhole limpet hemocyanine (Alessandro, B. et al. 2003). 

Reduced nuclear translocation of NFAT followed by NFAT/AP-1 complex formation and suppression of IL-2/IL-4 
productions are shown to occur under similar dose ranges and treatment duration. 

  



 

 

Uncertainties and Inconsistencies 
CNIs are reported to suppress IL-17 release from Th17 cells and development of Th17 cells from naïve T cells 
(Tsuda et al, 2012). On the other hand, Yadav reported that Th17 cells increased and Treg cells decreased in number 
and that the levels of RORC mRNA increased and those of FOXP3 decreased in renal transplanted patients with 
chronic calcineurin inhibitor toxicity (Yadav, 2015). From these findings, CNIs suppress the functions of Th17 and 
Treg cells which enhance Th17 cells to develop chronic CNI toxicity. 

FK506 suppresses expression of IL-2 receptor (IL-2R: CD25) and costimulatory molecules CD80 (B7.1)/CD40 in 
Langerhans cells (Panhans-Gross A et al. 2001). 

In human NK cells, FK506 suppresses IL-2 responsive proliferation and cytokine production as well as lowers 
cytotoxicity directed toward K562 tumor cells (Kim et al. 2010). FK506 suppresses IL-2 production of NKT cell line 
DN32.D3 induced by stimulus from PMA/calcium -ionophore (van Dieren et al. 2010). 

The relationship between these FK506-induced mechanisms and NFAT and contribution of those to TDAR are 
unclear. 

 
In addition to NFAT/AP-1 complexes, NFAT forms complexes at the site of IL-3 and IL-4 enhancers with avian 
musculoaponeurotic fibrosarcoma oncogene homolog, early growth response 1, early growth response 4, interferon-
regulatory factor 4, octamer-binding transcription factor, and other transcriptional partners to induce transcription of a 
variety of cytokines (Macian 2005). The production of cytokine induced by these transcriptional partners also 
suppressed by CNI; however, contribution of these additional transcription factors to TDAR is also unclear. 
 

Quantitative Understanding of the Linkage 
Response-response relationship 
In purified T cells from male C57BL/6J mice, T-5224 (a selective c-Fos/AP-1 inhibitor) inhibits the DNA-binding 
activity of AP-1 at 80 µg/mL. On the other hand, T-5224 inhibits IL-2 production in a dose-dependent manner from 
40, 60 and 80 µg/mL after 48 hours culture. T-5224 also inhibits CD25 (IL-2R) up-regulation at 80 µg/mL (Yoshida 
et al. 2015). 

In splenic lymphocytes stimulated with concanavalin A for 24 h in C57BL/6 mice, ursolic acid suppressed products of 
NF-kB, NFAT and AP-1 at 5 µM. In lymphocytes stimulated with concanavalin A for 24 h, ursolic acid inhibits 
secretion of IL-2 and IL-4 at 0.5, 1 and 5 µM. In lymphocytes and CD4+ T cells stimulated with anti-CD3/anti-
CD28 mAb for 24 h, ursolic acid also inhibits secretion of IL-2 and IL-4 at 5 µM. In CD4+ T cells stimulated with 
anti-CD3/anti-CD28 mAb for 24 h, ursolic acid suppressed mRNA level of IL-2 at 5 µM. In lymphocytes 
stimulated with concanavalin A for 24 h, ursolic acid inhibited CD25 expression at 5 µM (Checker et al. 2012). 

These findings showed that T-5244 and ursolic acid treated for 24 hours inhibit NFAT/AP-1 complex formation at a 
single concentration each and that these compounds suppress IL-2 and IL-4 production with dose dependent manner 
including the doses for inhibition of NFAT/AP-1 complex formation. 

FK506 suppressed proliferation in human T cells induced by anti-CD3 mAb in the presence of adherent autologous 
peripheral blood mononuclear cells (mean IC50 = 0.06 nM). FK506 suppressed, in a dose-dependent (1.2 to 12.5 
nM) manner after 22-24 hours culture, production of IL-2, IL-4, and IFN-γ by human T cells stimulated with anti-
CD3 mAb in the presence of PMA, as well as inhibited, also in a dose-dependent (10 nM) manner, expression of 
IL-2, IL-4, and IFN-γ mRNA in anti-CD3/PMA- activated cells (Dumont et al. 1998). On the other hand, the 
quantitative data for the decreased formation of NFAT/AP-1 complexes by CNI is insufficient, although the 
formation was suppressed by FK506 at the concentration within the range needed for suppressed production of 
IL2/IL-4 by FK506 after 2 hours culture. 

Time-scale 
Inhibition of NFAT/AP-1 complex is detected by gel mobility shit assay after 2 hours culture with CNI; however, 
suppression of IL2/IL-4 could be measured after 22-48 hours in vitro culture. 



 

 

Known modulating factors 
At present, no evidence is found. 

 
Known Feedforward/Feedback loops influencing this KER 
At present, no evidence is found. 
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Relationship: 1510: Suppression, IL-2 and IL-4 production leads to Impairment, T-cell dependent 
antibody response (https://aopwiki.org/relationships/1510) 
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Inhibition of Calcineurin Activity Leading to Impaired T-Cell 
Dependent Antibody Response (https://aopwiki.org/aops/154) 
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Evidence Supporting Applicability of this Relationship 
Taxonomic Applicability 

Term Scientific Term Evidence Links 

Homo sapiens Homo sapiens High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=9606) 

Mus musculus Mus musculus High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=10090) 

cynomolgu
s monkey 

Macaca 
fascicularis 

High NCBI (http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi? 
mode=Info&id=9541) 

 
Life Stage Applicability 

Life Stage Evidence 

All life stages High 
 
Sex Applicability 

Sex Evidence 

Mixed High 
 

In cynomolgus monkeys, the effects of CsA on production of IL-2 and IL-4, and antigen-specific IgM and IgG in TDAR 
were demonstrated (Gaida K. 2015). 

Suppressed IgE and antigen specific IgG1 productions by the blocking of IL-4 receptor were reported in mice using 
dupilumab (anti-IL-4/13R antibody) (Sanofi K.K. 2018). 

Suppressed antigen specific IgE production by the inhibition of IL-4 production was reported in mice using suplatast 
tosilate (Taiho Pharmaceutical 2013). 

Suppressed antigen specific IgE and IL-4 productions by the inhibition of IL-4 production were reported in human cell 
culture using suplatast tosilate(Taiho Pharmaceutical 2013). 

https://aopwiki.org/relationships/1510
https://aopwiki.org/relationships/1510
https://aopwiki.org/aops/154
https://aopwiki.org/aops/154
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9606
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http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9541
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Info&id=9541


 

 

The effects of FK506 on serum concentration of anti-KLH antibodies IgM and IgG have been demonstrated in rats 
treated with FK506 for over four weeks and immunized with KLH (Ulrich et al. 2004). The effects of FK506 and 
CsA on antigen-specific plaque-forming splenocytes have been demonstrated in mice treated with FK506 or CsA 
for 4 days and immunized with SRBC (Kino et al. 1987b). 

The effects of FK506 and CsA on the levels of IgM and IgG in the culture supernatant have been demonstrated in 
human cells (Heidt et al, 2009, Sakuma et al, 2001). 

The effects of FK506 and CsA on production of IL-2 and IL-4 have been demonstrated using mice and human cells 
(Kino et al. 1987a, Dumont et al. 1998). 

These facts suggest that there are no species differences between humans, monkeys and rodents in inhibitions of IL-2 and 
IL-4 production and TDAR induction. 

 

Key Event Relationship Description 
Interleukin (IL)-2 and IL-4 are produced and secreted by helper T cells and play important roles in the development of T-
cell dependent antibody response (TDAR), both of which induces/enhances T cell dependent antibody production. IL-4 
affects maturation and class switching of B cells as well as proliferation, IL-2 promotes differentiation of B cells 
through IL-2 receptors and stimulates the activated T cell into T cell called Th2 cell. 

Therefore, suppressed production of IL-2 and IL-4 impairs T cell dependent antibody production (Alberts et al. 2008). 

T cells, B cells, and antigen-presenting cells such as dendritic cells are involved in inducing and developing of TDAR. 
Thus, changes in any of these immune cell populations can influence TDAR 

T cell-derived cytokines play important roles in the development of TDAR. Among them, IL-2 promotes proliferation 
of B cells, and IL-4 affects maturation and class switching of B cells as well as proliferation, both of which 
induces/enhances T cell dependent antibody production. 

Thus, suppressing the production of IL-2, IL-4, and other cytokines in T cells reduces stimulation of B cells including 
proliferation, activation, and class switching, and leading to impairment of TDAR. Therefore, suppressing the production 
of these B-cell-related cytokines appears to be the main factor in impairment of TDAR by inhibitors of T-cell–
dependent-antibody production. 

 

Evidence Supporting this KER 
Biological Plausibility 

Cyclosporin A (CsA) is known one of the calcineurin inhibitiors. CsA-treatment is reported to suppresses the productions 
of IL-2 and IL-4 and result in the reduction of the productions of antigen-specific IgM and IgG in cynomolgus 
monkeys (Gaida K. 2015). 

It is established that IL-2 stimulates B cells to proliferate through the surface IL-2 receptors and that IL-4 stimulates B 
cells to proliferate, to induce class switch, and to differentiate into plasma and memory cells. 

Dupilumab is known as anti-IL-4/13 receptor (IL-4/13R) antibody. Dupilumab (Dupixent) reduces productions of 
immunoglobulin (Ig) E and antigen specific IgG1 in mice (Sanofi K.K. 2018). It suggests that the blocking of IL-4 
signaling by anti-IL-4/13R antibody results in the decrease in T cell dependent antibody production. 

Th2 cell produces cytokines including IL-4. Suplatast tosilate (IPD) is known as an inhibitor of the production of IL-4 
and IL-5 from Th2 cells and reduces the production of antigen specific IgE in human cell culture and mice (Taiho 
Pharmaceutical 2013). These findings suggests that the reduction of IL-4 production by the inhibitor of Th2 cell 
cytokines results in reduced production of IgE and/or IgG1 through inhibitions of maturation, proliferation and class 
switching of B cells. 



 

 

IL-2 binds to IL-2 receptor (IL-2R) and acts on T cell. CD25 is one of IL-2R. Basiliximab (Simulect) is known as 
anti-CD25 antibody. Basiliximab binds to IL-2R and blocks IL-2 signaling. Clinical transplantation study of 
basiliximab reveals decreases in rejections. On the other hand, basiliximab inhibits the activation of antigen specific 
T cells (Novartis Pharma 2016). They suggest that the blocking of IL-2 signaling by anti-IL-2R antibody results in 
decreased rejection through the inhibition of the activation of antigen specific T cell with reduced antibody production. 

FK506 and CsA suppress mRNA expression levels of cytokines in T cells including IL-2 and IL-4 that stimulate 
proliferation of B cells as well as B cell activation and class switching (Heidt et al, 2010). 

Several in vivo studies in rodents showed decreased TDAR by the treatment of FK506 (Kino et al. 1987b, Ulrich et 
al. 2004). In in vitro tests examining antibody production in blood samples obtained from blood-bank donors, 
peripheral blood mononuclear cells (PBMC) treated with FK506 and CsA suppressed the production of IgM and IgG 
antibodies to T-cell dependent antigens (Heidt et al, 2009). 

T cells, B cells, and antigen-presenting cells such as dendritic cells are involved in inducing and developing of TDAR. 
Thus, changes in any of these immune cell populations can influence TDAR. 

However, as for the suppression of humoral immunity induced by the inhibition of calcineurin (CN) phosphatase 
activity, calcineurin inhibitors (CNIs) do not affect B cells directly but rather indirectly through T cells. That is, 
FK506 and CsA are capable of inhibiting immunoglobulin production when B cells are cultured with non-pre-
activated T cells, but FK506 and CsA fail to inhibit immunoglobulin levels when pre-activated T cells are used to 
stimulate B cells. Hence, the inhibition of B cell response by FK506 and CsA appears due solely to inhibition of T 
helper cells (Heidt et al, 2010). 

Therefore, it is concluded that decreased amounts of IL-2 and IL-4 secreted from helper T cells is the main factor for 
suppression of TDAR induced by CN phosphatase inhibition. 

Empirical Evidence 

Empirical support of the suppression, IL-2 and IL-4 production leads to impairment, T-cell dependent antibody 
response is strong.  

Rationale: 

• Cynomolgus monkeys treated wth CsA at 50 mg/kg BID for 24 days suppression of IL-2, IL-4 and sheep red 
blood cell (SRBC)-specific IgM and IgG (Gaida K. 2015). 

• In the allergen-induced pneumonia model in mice, dupilumab (anti-IL-4/13R antibody) reduced productions of 
IgE and antigen specific IgG1 at 25 mg/kg of twice weekly subcutaneous administration for 4weeks (Sanofi 
K.K. 2018). 

• In mice immunized with dinitrophenyl antigen by i.p. injection, suplatast tosilate (an inhibitor of the production 
of cytokines on Th2 cell) reduced productions of antigen specific IgE at 10, 20, 50 and 100 mg/kg of oral 
administration for 5 days (Taiho Pharmaceutical 2013). In human cell culture immunized with Japanese 
cedar antigen, suplatast tosilate reduced productions of antigen specific IgE at the concentration of 10 
µg/mL for 10 days (Taiho Pharmaceutical 2013). 

• In the clinical study of renal transplantation, basiliximab decreased incidence of acute rejection at 20 mg/kg 
(Novartis Pharma 2016). In human T cell culture immunized with PPD, basiliximab reduced activation of 
antigen specific T cell at the concentration of 300 ng/mL (Novartis Pharma 2016). 

• In CD3/phorbol 12-myristate-13-acetate-activated human T cells, FK506 suppressed production of IL-2, 
IL-4 and Interferon (IFN)-γ at the concentrations of 1.2 to 12.5 nM as well as inhibited expression of IL-2, 
IL-4 and IFN-γ mRNA at the concentrations of 10 nM. (Dumont et al. 1998). 

• FK506 or CsA suppressed production of IL-2 in mouse mixed lymphocyte reaction (MLR) at 0.1 to 10 nM 
of FK506 and 10 to 100 nM of CsA as well as in human MLR at 0.1 to 10 nM of FK506 and 10 to 100 nM 
of CsA (Kino et al. 1987a). 



 

 

• After 9-day culture of B cells and non-pre-activated T cell stimulationwith FK506 or CsA, the levels of 
IgM and IgG in the culture supernatant were reduced at 0.3 and 1.0 ng/mL (0.37 and 1.24 nM) of FK506 or 
50 and 100 ng/mL (41 and 83nM) of CsA (Heidt et al, 2009). After 4-day culture of SKW6.4 cells (IL-6-
dependent IgM-secreting human B-cell line) and anti-CD3/CD28 stimulated PBMC culture supernatant 
with FK506 or CsA, the level of IgM in the culture supernatant was reduced at the concentrations of 0.01 to 
100 ng/mL (0.01 to 124 nM) of FK506 or 0.1 to 1000 ng/mL (0.08 to 832 nM) of CsA (Sakuma et al, 
2001). 

• Rats were treated with FK506 for over four weeks and immunized with keyhole limpet hemocyanine (KLH), 
after which serum concentration of anti-KLH IgM and IgG reduced at the dose levels of 3 mg/kg/day 
(Ulrich et al. 2004). 

• Mice were treated with FK506 or CsA for 4 days, and immunized with sheep red blood cells (SRBC), after 
which antigen-specific plaque- forming splenocytes reduced at the dose levels of 3.2, 10, 32 and 100 mg/kg 
of FK506 or 32 and 100 mg/kg of CsA (Kino et al. 1987b). 1,2:5,6-dibenzanthracene single adoministration 
suppressed production of IL-2 and total IgG antibody in mice at the dose levels of 3 and 30 mg/kg(Donna, C. et 
al. 2010). 

• In male CD-1 mice, chronic psychosocial stress (types of social outcome occurred: residents becoming 
subordinates) for 21 days reduced IL-2 release in response to KLH and decrease in anti-KLH 
IgG(Alessandro, B. et al. 2003). 

In vitro suppression of T-cell–derived cytokines and T-cell-dependent antibody production or antibody production after 
polyclonal T-cell stimulation showed similar dose responses to CNIs. Time gaps were found, however, between 
these two KEs, which showed earlier onset of cytokine production and delayed onset of antibody production. 

Uncertainties and Inconsistencies 

IL-2 affects multiple populations of immune cells expressing IL-2 receptors, while IL-4 mainly acts on B cells. 
Therefore, reduced production of both IL-2 and IL-4 might certainly induce suppression of TDAR; however, there 
remains some possibility of additional suppression of other immune functions. 

 

Quantitative Understanding of the Linkage 
Response-response relationship 

Cynomolgus monkeys treated wth CsA at 50 mg/kg BID showed suppression of IL-2 and IL-4 production and 
inhibition of SRBC-specific IgM and IgG in TDAR (Gaida K. 2015). 

In the blocking of IL-4 receptor in mice by dupilumab (anti-IL-4/13R antibody) at 25 mg/kg of twice weekly 
subcutaneous administration for 4weeks, IgE production was suppressed to about 1/100 and antigen specific IgG1 
production was suppressed to about 1/200 (Sanofi K.K. 2018). 

In the inhibition of IL-4 production in mice by suplatast tosilate at 10, 20, 50 and 100 mg/kg of oral administration for 
5 days, antigen specific IgE production was suppressed from about 1/10 to 1/100 (Taiho Pharmaceutical 2013). In 
human T cell culture by suplatast tosilate at the concentration of 10 µg/mL, antigen specific IgE production after 10 
days was suppressed from 56 to 72% and IL-4 production after 3 days was suppressed from 58 to 76% (Taiho 
Pharmaceutical 2013). 

As for IL-2 and antibody production, in vitro T-cell-induced polyclonal B cell activation to produce antibody was 
inhibited with anti-IL-2 and anti-IL- 2R antibodies. That is, murine small resting B cells, cultured with irradiated hapten-
specific TH1 clone, were induced to enter cell cycle at 2 days and to secret antibody at 5 days. An anti-IL-2 and anti-IL-
2R antibodies completely inhibited this T-cell dependent antibody production (Owens T, 1991). 

In the human T-B cell co-culture stimulated with anti-CD3 monoclonal antibody, CNIs of FK506 and CsA lowered the 
m-RNA levels of T-cell cytokines at 8h post-stimulation including IL-2 and IL-4 at 1.0ng/mL (1.24nM) FK506 or 



 

 

100ng/mL (90.7nM) CsA and inhibited IgM and IgG productions after 9 days at 0.3 and 1.0ng/mL FK506 and 50 
and 100ng/mL CsA (Heidt S. 2010). 

Time-scale 

In CsA-treatment for 24 days at 50 mg/kg BID, cynomolgus monkeys showed suppression of IL-2 and IL-4 production 
and inhibition of SRBC- specific IgM and IgG in TDAR (Gaida K. 2015). 

In human T cell culture, suplatast tosilate inhibits IL-4 production after 3 days and antigen specific IgE production 
after 10 days (Taiho Pharmaceutical 2013). 

In the human T-B cell co-culture, CNIs of FK506 and CsA lowered the m-RNA levels of IL-2 and IL-4 at 8h post-
stimulation and inhibited IgM and IgG productions after 9 days (Heidt S. 2010). 

Known modulating factors 

At present, no evidence is found. 

Known Feedforward/Feedback loops influencing this KER 

At present, no evidence is found. 
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