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Abstract
Although the biology of adrenocorticotropic hormone (ACTH) protein has already been scrutinized, some functional aspects 
of its biology are yet to be elucidated in the context of immunological disorders. In this regard, virtual screening of a com-
pound library was performed against the structure of Cytotoxic T-Lymphocyte Associated Protein-4 (CTLA-4) (assessed both 
spatially and energetically) to discover novel biological functions for ACTH. The results of virtual screening and the MD 
simulation demonstrated that DB01284 has high binding energy along with proper interaction orientation against CTLA-4 
(FG loop) by a clamp like structure. The employed methodology was checked using confirmatory control analyses. Intrigu-
ingly, DB01284 belongs to Tetracosactide (already prescribed protein drug for clinical conditions) which is the N-terminal 
region of ACTH. This is the first study to reveal that ACTH protein binds to the same amino acids of CTLA-4 (FG-loop) as 
B7 and anti-CTLA-4 antibody binds. In light of this finding, the molecular mechanism of ACTH function in patients suffer-
ing from Cushing’s Syndrom and the immunological bases for ACTH therapy of multiple sclerosis (MS) patients could be 
further delineated. Moreover, this finding suggests that ACTH could also act to block CTLA-4 in the context of anticancer 
immune check point blockade.
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Introduction

Aside from cytokine activation, the activation of naive 
T-cells needs at least two signals; the first signal is the 
interaction between TCR (T cell receptor) and MHC-anti-
gen (complex molecule on the APCs) and the second signal 
is the interaction between CD28 (co-stimulatory molecule 
on T-cells) and CD80 and CD86 molecules (co-stimulatory 
molecule on the APCs). CTLA-4 (CD152) is a member of 
the immunoglobulin super family bearing up to 30% homol-
ogy to CD28. CTLA-4 is expressed on activated T cells but 
not naive CD4+ and CD8+ T-lymphocytes (Egen et al. 2002; 
Fong et al. 2009; Krummel and Allison 1995; Lenschow 
et al. 1996; McCoy and Le Gros 1999; Mocellin and Nitti 
2013). CTLA-4 and CD28 share the CD80 (B7-1) and CD86 
(B7-2) molecules as their ligands. Although expression of 
CTLA-4 on T cell surfaces is reported to be 10- to 1000-fold 
lower than CD28, its affinity towards B7 molecule is 20- to 
40-fold higher than CD28(Linsley et al. 1994). The inter-
action between CD28 and B7 stimulates the production of 
IL-2 and anti-apoptotic factors, which in turn induce T-cell 
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proliferation (Krummel et al. 1996; Mocellin and Nitti 2013; 
Schwartz 1992). CTLA-4 blocks CD28 immune response 
via regulation of immune checkpoint production, increasing 
immunosuppressive cytokines and stopping the cell cycle. In 
fact, CTLA-4 prevents immune hyper activation and host tis-
sue damage by limiting T-cell activity and increasing T-reg 
suppressive function (Krummel and Allison 1995).

Innate and adaptive immunity are capable of diagnos-
ing, controlling and rejecting malignant tumor cells. How-
ever, tumor cells develop mechanisms to escape the immune 
system via production of inhibitory factors or activation of 
T-regs (Mocellin and Nitti 2013). Blocking these escape 
mechanisms is a compelling strategy to control or limit 
tumor cells. In this regard, CTLA-4 blocking has garnered 
a lot of attention to enhance T-cell proliferation and conse-
quently increase immune responses against malignant tumor 
cells (Egen et al. 2002). Anti-CTLA-4 monoclonal antibod-
ies have been approved by the US Food and Drug Admin-
istration (FDA) (Kyi and Postow 2014; Mocellin and Nitti 
2013). The role of CTLA-4 in regulation of T-reg functions 
was reveal by administration of anti-CTLA-4 antibodies 
which could diminish the inhibitory effects of T-reg cells 
and brought about autoimmunity in mouse models. Anti-
CTLA-4 antibodies have been demonstrated to suppress 
immune responses in mouse models of melanoma, colon, 
and prostate cancers. The rate of tumor occurrence was 
decreased fivefold in a mouse model of prostate cancer fol-
lowing combination of anti-CTLA-4 antibody and radiation 
therapy. Moreover, it was confirmed that the implementation 
of anti-CTLA-4 antibodies along with a prime boost vacci-
nation strategy lead to more robust therapeutic results (Fong 
et al. 2009; Kwon et al. 2014; Selby et al. 2013; Wolchok 
et al. 2013).

Although impressive results have been achieved in 
antibody based treatments, their applications face several 
limitations. Antibody treatment, including antibody based 
blockade of CTLA-4, can face high production costs, inad-
equate pharmacokinetics and tissue accessibility, as well 
as impaired interactions with the immune system. Anti-
CTLA-4 therapy can also cause various adverse effects due 
to nonspecific immune reactions, although these are revers-
ible (Topalian and Sharpe 2014). In this regard, small mole-
cule drugs or peptides could be used as alternative inhibitors 
capable of circumventing the aforementioned limitations. 
These molecules have been brought into spotlight owing to 
their expeditious ability to inhibit protein–protein interac-
tions. However, finding or designing an amenable inhibitor 
for CTLA-4 blockade could be arduous and costly employ-
ing conventional empirical approaches.

Contemporary, in silico approaches have become an inev-
itable step in biological studies. These methods have been 
widely used in structural biology of molecules (Jahangiri 
et al. 2018b; Khalili et al. 2017b), understanding molecular 

mechanism (Jahangiri et al. 2017; Kazemi Moghaddam 
et al. 2017b; Mohammadpour et al. 2015, 2016), sequence 
analyses (Bazmara et al. 2019; Kazemi Moghaddam et al. 
2017a; Rahbar et al. 2019) and designing various therapeu-
tics (Jahangiri et al. 2017; 2018a; Khalili et al. 2017c; Pay-
andeh et al. 2019). In light of these facts, we have launched 
an in silico study to find a suitable inhibitor to block the 
interactions between CTLA-4 and B7. To this end, a library 
of approved molecules was screened against CTLA-4 to 
find a molecule with high affinity and desirable interaction 
orientation. This molecule would be capable of blocking 
CTLA-4 and B7 interaction which could be used for can-
cer prevention or treatment. Moreover, it could bring about 
novel insights into the molecular biology of related diseases.

Methods

CTLA‑4 Sequence and Structures

The UniProt database at http://www.unipr​ot.org/ was used 
to find the protein sequence of CTLA-4. A BLAST search 
against PDB (Protein Data Bank) database using NCBI 
(https​://blast​.ncbi.nlm.nih.gov/Blast​.cgi) was performed to 
find the most relevant resolved structure for CTLA-4. The 
3D structure of CTLA-4 was prepared for docking analysis 
using AutoDock tools (Morris et al. 2009) of Pyrx software 
(Dallakyan and Olson 2015). The preparation was done by 
adding hydrogen atoms, merging all nonpolar hydrogens 
and changing the PDB files to PDBQT format. Moreover, 
the ConText software was used to remove all non-CTLA-4 
molecules including water and ligands.

Retrieving and Preparing an Approved Library 
of Molecules

The DrugBank database at https​://www.drugb​ank.ca/, a 
unique bioinformatics and cheminformatics resource that 
combines detailed drug data with comprehensive drug target 
information, was used to obtain a library of approved drug 
molecules. The Open Babel (O’Boyle et al. 2011) software 
was used to prepare drug molecules for docking analyses. 
The energy minimization run and conversion to PBDQT for-
mat was executed on all obtained molecules.

Virtual Screening of the Library

PyRex software was used to perform virtual screening of 
the approved drug library against the structure of CTLA-4. 
The AutoDock Vina (Trott and Olson 2010) interface of the 
PyRex software was used to do the docking analysis. The 
grid box size was set to 31, 29 and 26 at X, Y and Z coordi-
nates. The set- and distance-dependent dielectric functions 

http://www.uniprot.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.drugbank.ca/
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of the AutoDock Vina software was used to calculate the van 
der Waals and electrostatic terms. The method employed by 
(Khalili et al. 2017d; Suvannang et al. 2011) was adapted to 
set the other parameters of the PyRex screening software.

Energy Calculations and Visual Inspection 
of the Docking Results

The binding energy between CTLA-4 and all drug mol-
ecules from the library was calculated by the Autodock 
Vina software. Chimera software was used to visualize the 
spatial position of the drugs with binding affinities lower 
than − 20 kcal/mol. The structures were visually inspected 
to find a drug with the highest interference of the interaction 
between CTLA-4 and B7. The superimposition between the 
structures of CTLA-4/B7 complex and CTLA-4/drug com-
plexes was performed using Chimera software.

Molecular Dynamics (MD) Simulation

Since the SDF file contained the planar structure of the drug 
molecules, the correct spatial conformation for the selected 
drug should have been achieved. Therefore, the selected 
structure was fed to VMD and NAMD2 software to prepare 
and execute a MD simulation. This would let the structure 
get more natural coordinates and proper conformation. The 
solvation, ionization, minimization and 10 nano-second 
MD run for the selected structure was carried out according 
the method we employed in our prior study (Khalili et al. 
2017a). The root mean square deviation (RMSD) values of 
the structure were plotted during the MD simulation using 
the built in tool of the VMD software.

DB01284 Docking Against CTLA‑4

The Galaxy PepDock server at http://galax​y.seokl​ab.org/
cgi-bin/submi​t.cgi?type=PEPDO​CK, CABSdock server at 
http://bioco​mp.chem.uw.edu.pl/CABSd​ock, Zdock server at 
http://zdock​.umass​med.edu/ and Hex8 software were used to 
analyze the possible interactions between the spatially folded 
drug molecule and CTLA-4 structure.

2D Interaction Diagram and Dissociation Constant 
(Kd) Calculation

The 2D interaction plots could demonstrate the details of 
the exact amino acids participating in protein–ligand inter-
actions. The LigPlus v1.4.5 software was used to plot the 
amino acids which are involved in protein–eptide interac-
tions. The Kd of the interaction between protein–ligand was 
calculated by PRODIGY software available at http://milou​
.scien​ce.uu.nl/servi​ces/PRODI​GY/.

Methodology Validation

In order to evaluate the accuracy of the employed approach, 
we have used Zdock and Hex8 software to reestablish the 
interactions between an anti-CTLA-4 antibody and CTLA-4 
which was resolved experimentally. Since these two soft-
ware were used for final molecular docking between ACTH 
and CTLA-4, their success to reestablish the interactions 
between a previously determined anti-CTLA-4 antibody 
and CTLA-4 complex would indicate the accuracy of the 
employed methods. The structure under the PDB ID of 5 ggv 
belongs to CTLA-4 in complex with tremelimumab Fab. The 
ConTEXT software was used to extract both CTLA-4 and 
tremelimumab Fab structures. Then, Zdock and Hex8 soft-
ware were used to dock these to structures. The structures 
for newly docked CTLA-4 and tremelimumab Fab complex 
and the original 5 ggv were superimposed using FATCAT 
server at http://fatca​t.sanfo​rdbur​nham.org/, MATRAS 1.2 
at http://strco​mp.prote​in.osaka​-u.ac.jp/matra​s/matra​s_pair.
html and TMalign at https​://zhang​lab.ccmb.med.umich​.edu/
TM-align​/. These servers were also used for Root-mean-
square deviation (RMSD) calculation between two aligned 
structures. Moreover, to find out if the binding energy of 
ACTH with CTLA-4 is comparable with the biding energy 
of docked CTLA-4 and tremelimumab Fab complex, energy 
calculation was done for both ACTH/CTLA-4 and docked 
CTLA-4 and tremelimumab Fab complexs using PDBePISA 
server at http://www.ebi.ac.uk/pdbe/pisa/.

Results

Retrieving CTLA‑4 Structure and Its Preparation

The primary (amino acid) sequence of the CTLA-4 molecule 
(canonical isoform) from Homo sapiens was stored under 
the UniProt ID of P16410. This protein is 223 amino acids 
in length including a 35 amino acids signal peptide which is 
removed in the mature protein. Some glycosylation sites and 
disulfide bonds are also reported for the protein. The BLAST 
search against PBD database indicated that the resolved 
structures under the PDB ID of 3OSK, 1I85 and 1I8L share 
the highest sequence coverage (~ 70%) and identity (~ 99%) 
with the CTLA-4 sequence. The lower sequence coverage 
is due to exclusion of the transmembrane and cytoplasmic 
domains of CTLA-4 in the resolved structures. The obtained 
coordinate files belong to crystal structure of human 
CTLA-4 apo-homodimer (3OSK), CTLA-4/B7-2 complex 
(1I85) and B7-1/CTLA-4 co-stimulatory complex (1I8L). 
Since the 3OSK was resolved with a higher resolution (1.8 
Å), the CTLA-4 structure was obtained from this crystal 
structure and cleared from any non-protein molecules. The 

http://galaxy.seoklab.org/cgi-bin/submit.cgi%3ftype%3dPEPDOCK
http://galaxy.seoklab.org/cgi-bin/submit.cgi%3ftype%3dPEPDOCK
http://biocomp.chem.uw.edu.pl/CABSdock
http://zdock.umassmed.edu/
http://milou.science.uu.nl/services/PRODIGY/
http://milou.science.uu.nl/services/PRODIGY/
http://fatcat.sanfordburnham.org/
http://strcomp.protein.osaka-u.ac.jp/matras/matras_pair.html
http://strcomp.protein.osaka-u.ac.jp/matras/matras_pair.html
https://zhanglab.ccmb.med.umich.edu/TM-align/
https://zhanglab.ccmb.med.umich.edu/TM-align/
http://www.ebi.ac.uk/pdbe/pisa/
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PDBQT file format of the cleaned structure was prepared for 
the following analyses.

Preparing Approved Drug Library

A library of almost 2000 approved drugs was obtained from 
DrugBank. An approved drug is defined as a drug that has 
been approved in at least one jurisdiction, at some point in 
time. The library was obtained in SDF format, converted 
into PDBQT format and subsequently energy minimized.

Virtual Screening and Analyzing the Obtained 
Results

The docking analyses between the drugs of the library 
and the CTLA-4 structure resulted in almost 2000 drug/
CTLA-4 complexes. The binding energy calculation used 
to analyze the affinity of the drugs towards the CTLA-4 
structure resulted in a wide range of energies from 
− 0.7 kcal/mol (DrugBank ID of DB11135) to − 37.5 kcal/
mol (DrugBank ID of DB08896). The lower the calcu-
lated binding energy, the stronger the established inter-
action. In order to select drugs with the highest binding 
energies, 35 structures with binding energies lower than 
− 20 were selected for further investigation (Table 1). 
Visual inspection of the docked drug/CTLA-4 complexes 
revealed that most of the drugs in the analyzed library 
preferably interact with non-binding regions of CTLA-4. 
However, some of the drugs could establish interactions 

with partial interference of the CTLA-4/B7 interaction 
(Fig. 1). Among the visually analyzed drugs the drug with 
the DrugBank ID of DB01284 has the highest interfer-
ence of the CTLA-4/B7 complex. This molecule prefers 
to interact with CTLA-4 in its B7 binding region with a 
binding energy of − 25.4 kcal/mol (Fig. 2).

MD Simulation Results

MD simulation provides enough time for the structures 
to interact with their own and surrounding atoms and 
improved their folding to more stable and more natural 
coordination. The 10 ns MD on the DB01284 changed the 
molecule from a planar form to a spatially folded struc-
ture (Fig. 3). Typically, the RMSD plot of an equilibrated 
system in MD simulation converges after a period of time. 
Our results indicate that advancing in MD simulation time 
leads the structure to an equilibrated state in which the 
atoms do not have extreme movements and the fluctuations 
in RMSD value become minor.

Folded DB01284 Interactions with CTLA‑4

The docking results between folded DB01284 and CTLA-4 
indicated that the interactions occur exactly in the B7 
binding region of CTLA-4. This suggests that the folded 
structure of DB01284 is highly capable of interfering with 
CTLA-4 and B7 interactions. Figure 4 illustrates the inter-
actions between the DB01284 and CTLA-4 molecules. As 
depicted in the Fig. 4 the DB01284 peptide encompasses the 
FG loop of the CTLA-4 molecule by a clamp like structure.

Table 1   Selected drugs for visual inspection

The IDs are presented with their binding energies

ID Kcal/mol ID Kcal/mol

DB08869 − 37.5 DB06825 − 22.4
DB06206 − 27.9 DB00403 − 22.3
DB04911 − 26.2 DB00200 − 22.3
DB01284 − 25.4 DB00781 − 22.1
DB00006 − 24.9 DB04786 − 22
DB08869 − 37.5 DB01111 − 21.9
DB13170 − 24.9 DB08890 − 21.8
DB09099 − 24.7 DB06699 − 21.6
DB06402 − 24 DB00626 − 21.6
DB00080 − 23.8 DB00732 − 21
DB04931 − 23.7 DB00666 − 21
DB00362 − 23.5 DB00520 − 20.9
DB06785 − 23.3 DB00290 − 20.6
DB00115 − 23.1 DB02638 − 20.5
DB00512 − 23.1 DB00970 − 20.4
DB06196 − 23 DB00035 − 20.2
DB00050 − 22.8 DB00644 − 20.1
DB01141 − 22.5 – –

Fig. 1   Superimposed structures of CTLA-4/B7 complex and 
CTLA-4/drug complexes. The CTLA-4/B7 complex is in green and 
the CTLA-4/drug complexes are in red/atom type coloring. Flat 
molecules are 35 selected drugs that are docked to the CTLA-4 mol-
ecule. Most of the selected 35 drugs are populated within the region 
between two subunits of the CTLA-4 molecule (Color figure online)
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2D Interaction Diagram and Kd

The interactions between CTLA-4 and DB01284 were 
predicted using the LigPlot software. The details of pos-
sible interaction between the CTLA-4 and DB01284 
molecules on the amino acid level are depicted in Fig. 5. 
The majority of interactions are hydrophobic interac-
tions, while 2 hydrogen bonds also exist between two 
molecules. The FG loop (amino acids from 95 to 105) of 
CTLA-4 structure is mainly involved in interactions. The 
Kd of the interaction was calculated to be 8.5e-06.

Methodology Evaluation

The RMSD for structural superimposition between docked 
CTLA-4 and tremelimumab Fab complex and the original 
5 ggv complex was calculated to be 2.66 angstroms. The 
obtained low RMSD indicated that there is a high structural 
similarity between these two complexes (Fig. 6). This means 
that the employed method is capable of accurate reestab-
lishment of the original interactions between CTLA-4 and 
tremelimumab Fab bearing correct orientation. Binding 
affinity for the interactions of ACTH and docked tremeli-
mumab Fab with CTLA-4 were calculated to be − 9.6 and 
− 14.8 kcal/mol which indicated higher affinity of the ACTH 
for CTLA-4.

Fig. 2   The interaction between DB01284 and CTLA-4. The 
DB01284 molecule interacts with the CTLA-4 molecule in the B7 
binding region of the molecule. B7 is in green, CTLA-4 is in red and 

the DB01284 is colored by atom type (Carbon: gray, Oxygen: red, 
Nitrogen: blue and hydrogen: white) (Color figure online)

Fig. 3   MD simulation results. The MD simulation altered the planar 
DB01284 structure into folded structure. The structures include the 
planar DB01284 (a), the solvated and ionized structure during MD 

(water molecules are in red and NaCl molecule is illustrated as red 
sphere) (b) and the final structure after MD (c) (Color figure online)
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Discussion

Immune regulation is mainly exerted by different immune 
checkpoints that control T-cell activation and regulatory T 
cells (TR). Immunopathology or autoimmunity and T-cell 
exhaustion or dysfunction could be the consequences of 
impaired immune regulation against tumors or patho-
gens. T-cell exhaustion is characterized by overexpres-
sion of multiple inhibitory immune checkpoints, including 

CTLA-4 (Pauken and Wherry 2015). Specific blockade of 
this immunosuppressive checkpoint could restore T cell 
functions (Postow et al. 2015). In this regard, using an 
integrative structural approach, our study has introduced 
DB01284 from DrugBank data base to be an amenable 
inhibitor to block CTLA-4. Our results indicated that 
DB01284 is capable of a high affinity interaction with 
CTLA-4. Moreover, this interaction occurs at the region 
which CTLA-4 interacts with B7-1 molecule and specific 

Fig. 4   Docking results between DB01284 and CTLA-4. a Shows the 
interaction between the DB01284 and CTLA-4 subunit (DB01284 
is shown as sticks along with amino acid labels, and CTLA-4 is 
shown as surface presentation). b Shows the interaction between 

the DB01284 and CTLA-4 subunit while it’s superimposed with 
the structure of 1I85 (blue is 1I85, red is the DB01284 and green is 
CTLA-4) (Color figure online)

Fig. 5   The 2D interaction diagram between CTLA-4 and DB01284 
molecules. The upper line of amino acids belongs to DB01284, 
while the lower line belongs to CTLA-4. There are two hydrogen 
bonds between two molecules. One bond is between Tyr100 from the 

CTLA-4 and Ser3 from the DB01284 and the seconds one is between 
Tyr105 from the CTLA-4 and Tyr23 from the DB01284. The lengths 
of the hydrogen bonds are 3.3 and 2.81 angstroms for the first and 
second bonds respectively
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anti-CTLA-4 antibodies. It has been reported that the 
interactions between CTLA-4 and B7-1 is dominated by 
the amino acids of the FG loop of CTLA-4 which con-
tributes 400 A2 of protein surface to the binding inter-
face (Stamper et al. 2001). The FG loop which contains a 
hydrophobic sequence spanning the 99-105 amino acids 
(MYPPPYY) is highly conserved in CTLA-4 and CD28. A 
largely nonpolar surface of B7-1 consisting of Tyr 31, Met 
38, Thr 41, Met 43, Val 83, Leu 85, Ala 91, Phe 92 and 
Leu 97 participate in hydrophobic contacts with the FG 
loop. Mutating FG loop amino acids reduced or abolished 
the binding to B7-1 (Metzler et al. 1997). The amino acids 
of FG loop are also involved in interaction with tremeli-
mumab. It has been shown that a large number of residues 
including A2, E33, R35, S44, Q45, V46, E48, L91, I93, 
M99, P102, P103, Y104, Y105, L106, I108, and N110, 
contribute to van der Waals contact with tremelimumab 
(Lee et al. 2016). Our results indicated that the same FG 
loop is in tight interaction with DB01284, forming hydro-
phobic interactions and hydrogen bonds. The binding 
of DB01284 to CTLA-4 could efficiently compete with 
B7-1/2 binding to CTLA-4, thereby it could block the sup-
pressive functions of CTLA-4 in cancer and infections. 
Harboring these properties, DB01284 could be deemed 

as an alternative drug candidate for immune check point 
blockade strategies.

The DrugBank ID of DB01284 belongs to a peptide drug 
known as Tetracosactide (also known as Cosyntropin) which 
is a synthetic peptide encompassing the 24-amino acid seg-
ment (sequence: SYSMEHFRWGKPVGKKRRPVKVYP) 
at the N-terminus of adrenocorticotropic hormone (ACTH). 
Tetracosactide exhibits the full corticosteroidogenic activ-
ity of natural ACTH. Melanocortin receptors (MCRs) were 
previously introduced as the specific receptors of ACTH. 
There are five known MCR subtypes (MC1R–MC5R) with 
differential tissue distribution throughout the body. Although 
each melanocortin hormone is recognized by exclusive MCR 
affinities, ACTH acts as universal agonist for all MCRs and it 
is reported to be the only MC peptide recognized by MC2R 
(Brzoska et al. 2008; Catania et al. 2004). To best of our 
knowledge, we are the first group to report the possible affin-
ity of ACTH towards CTLA-4 molecules. ACTH is approved 
by the US FDA for treatment of relapsing forms of multiple 
sclerosis (MS). The ability of ACTH to increase endoge-
nous corticosteroid production has long been assumed as the 
mechanism underlying its therapeutic efficacy. However, in 
light of evidence from recent studies it has been suggested 
that ACTH could exert multiple actions due to wide distri-
bution of MCRs. Corticosteroid-independent melanocortin 
pathways including direct anti-inflammatory and immune-
modulating actions via ACTH binding to MCRs (involving 
T and B lymphocytes, macrophages, sympathetic nervous 
system involved in inflammatory processes, reduction of 
pro-inflammatory cytokines, inflammatory nitric oxide, 
adhesion molecules, production of anti-inflammatory IL-10 
for which IL-10 producing B cells are reported to be defi-
cient in MS) are among other pronounced ACTH functions 
(Arnason et al. 2013; Berkovich and Agius 2014). Since the 
interaction between ACTH and CTLA-4 is not considered 
studying the ACTH functions, we hypothesize that a more 
complicated network of processes is ongoing.

T-cell-mediated autoimmune etiology (Pender and Greer 
2007) and the role of CTLA-4 (Fukazawa et al. 1999; Kan-
tarci et al. 2003) in MS has already been established. Prior 
studies have revealed that the interaction between CTLA-4 
and B7 inhibits IL-2 production which in turn leads to 
reversible clonal anergy and tolerance to auto-antigens 
(Gimmi et al. 1993; Krummel and Allison 1996). However, 
it has been reported that CTLA-4 blockade could induce a 
Th1 or Th2 favored response (Alegre et al. 1998; Anderson 
et al. 2000) depending upon the strength of delivered signal 
via the T-cell receptor (TCR) and the T-cell activation state. 
Thus, in contrast to conventional expectation, blocking this 
negative signal may paradoxically inhibit immune responses 
for whole T-cell populations. In this regard, Khoury et al. 

Fig. 6   The superimposed structures of docked CTLA-4 and tremeli-
mumab Fab complex and the original 5 ggv complex
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and Cross et al. described that disruption of CTLA-4/B7 
interaction inhibits Th-1 responses (IL-2 and IFN-gamma), 
while sparing Th-2 responses (IL-4, IL-10, and IL-13) 
(Cross et al. 1995; Khoury et al. 1995). In view of these 
facts, it could be concluded that the CTLA-4/B7 co-stimula-
tory pathway may play a pivotal role in peripheral tolerance 
of auto-reactive T cells that escape thymic selection (Kan-
tarci et al. 2003). Herein, we have unveiled that, aside from 
MCRs binding, ACTH shares a common binding region 
(FG loop of CTLA-4) with B7 and anti-CTLA-4 revealing 
its potential use as an effective inhibitors of CTLA-4. In 
view of this fact, we hypothesized that ACTH could have the 
potential to act as a double agent in MS treatment. It should 
be noted that like other CTLA-4 inhibitors, depending on 
the strength of delivered signal through TCR and the T-cell 
activation state, ACTH could lead to anti-inflammatory and 
immune-modulating actions (favoring Th2 responses which 
helps MS treatment) as well as activation of auto-reactive 
T-cells (favoring Th1 responses which could exacerbate the 
MS condition). Our hypothesis is corroborated by a study 
conducted by Brod et al. They demonstrated that oral inges-
tion of ACTH, in mouse experimental autoimmune encepha-
lomyelitis (EAE, a mouse model for MS) model, leads to 
decreased IL-17 (Teff), Th1-like encephalitogenic cytokines, 
IL-2, IFN-γ, and increased secretion of immune-regulatory 
IL-4 (Brod and Hood 2011). This observation is in concord-
ance with the immune modulatory consequences that have 
arisen from inhibiting CTLA-4 and B7 interactions via anti-
CTLA-4 antibodies (Cross et al. 1995; Khoury et al. 1995). 
On the other hand, ACTH administration could impede the 
B7 molecule from CTLA-4 binding and consequently pre-
clude CTLA-4 from its immune-modulating functions which 
is the case in CTLA-4 blockade with antibodies in immu-
notherapy of cancer and infectious diseases (Postow et al. 
2015; Wykes and Lewin 2017).

It’s quit surprising that our hypotheses could be a pos-
sible explanation for the immunological complications 
observed in patients suffering from Cushing’s syndrome 
(CS). CS is mostly (80–85%) the result of chronic expo-
sure to excess ACTH usually produced by a pituitary cor-
ticotroph adenoma. The prevalence of autoimmune dis-
orders is reported to be 0–20% during the active phase 
of the CS and up to 60% during the remission phase 
(Colao et al. 2000; da Mota et al. 2011; Pivonello et al. 
2007; Takasu et al. 1993). Glucocorticoid excess leads 
to immunosuppression during the active phase of the dis-
ease. Consequently, an immune rebound occurs after DS 
remission which is responsible for development or exac-
erbation of autoimmune disorders. Although the exact 
mechanism underlying the Glucocorticoids functions is 

yet to be elucidated, it has been reported that they sup-
press Th1 responses and promote Th2 responses (Fareau 
and Vassilopoulou-Sellin 2007; Kovalovsky et al. 2000). 
These effects are similar to the results attained from dis-
ruption of CTLA-4/B7 interaction (Cross et  al. 1995; 
Khoury et al. 1995). Given our results, it could be assumed 
that the excessing ACTH interacts with CTLA-4 receptor 
and disrupts the CTLA-4/B7 interaction which leads to 
immunological consequences. It has already been demon-
strated that CTLA-4 is involved in inhibition of auto-reac-
tive T-cells (Ueda et al. 2003). CTLA-4 is constitutively 
expressed on TR cells. A part of TR function could be 
exerted by CTLA-4 binding to CD80/CD86 on immature 
dendritic cells which in turn could increase tryptophan 
catabolism and downregulate Teff activity (Grohmann et al. 
2002; Manzotti et al. 2002). Since depletion of TR cells 
causes autoimmune disease, the possible inhibitory inter-
actions of CTLA-4 and the excess ACTH in CS provides 
the ground for autoimmune complications.

The ability of two individual proteins to interact with 
the same receptor in a similar orientation with high bind-
ing energies could only be rationalized by high structural 
identity between those proteins in their interacting inter-
faces. This identity brings to mind the idea of possible 
interactions between the anti-CTLA-4 antibodies and 
MCRs. It could be imagined that the anti-CTLA-4 antibod-
ies and ACTH share common structural properties in their 
interacting surfaces which should enable them to have 
interchangeable interactions with the other molecule’s 
specific receptors. MCRs are highly distributed through-
out the body and they differ in their tissue specificity 
(Abdel-Malek 2001). Patients treated with anti-CTLA-4 
antibodies have shown a wide spectrum of immune-related 
adverse events (IRAEs) (Boasberg et al. 2010; Torino et al. 
2012). We believe that unprecedented interactions between 
anti-CTLA-4 antibodies and MCRs have molecular con-
sequences due to this interaction that could contribute to 
the extent of emerging IRAEs. However, the possibility 
and probable intricacies of this hypothesis remains to be 
investigated (Fig. 7).

In conclusion, it should be noted that the molecular 
mechanism underlying the ACTH and anti-CTLA-4 anti-
bodies could be more complicated than initially assumed. 
Our findings could pave the way for better comprehension 
of these mechanism. The attained results have introduced 
a novel therapeutic application in the context of immune 
check point blockade for a previously prescribed drug 
(ACTH). Moreover, these results could be employed to 
engineer more effective therapeutics in fight against cancer 
and infectious diseases.
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