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Background: Hematopoietic stem cells' commitment to myelopoiesis builds immunity to 
prevent infection. This process is controlled through transcription factor, especially Purine 
rich box 1 (PU.1) protein, which plays a central role in regulating myelopoiesis. The β3/β4 
region of PU.1 accommodates a coactivator transcription factor, c-Jun, to activate myelopoi-
esis. However, an erythroid transcription factor, GATA-1, competes with c-Jun for the β3/β4 
region, abolishing myelopoiesis and promoting erythropoiesis. This competitive regulation 
decides the hematopoietic stem cells’ commitment towards either erythroid or myeloid 
lineage.
Methods: Therefore, this study investigated the in vitro and in vivo effect of novel synthetic 
PU.1 β3/β4 mimic peptide analogs and peptide-loaded hydrophilic poly(D,L-lactide-co- 
glycolide) (PLGA) nanoparticles.
Results: The designed peptides significantly increase the expression of corresponding 
myeloid markers, specifically CD33 in vitro. However, the in vivo delivery of peptide- 
loaded PLGA nanoparticles, which have sustained release effect of peptides, increases 
10.8% of granulocytes as compared to control.
Conclusion: The observations showed that the fabricated nanoparticles protected the loaded 
peptides from the harsh intracellular environment for a longer duration without causing any 
toxicity. These findings highlight the possibility to use these peptides and peptide-loaded 
nanoparticles to increase hematopoietic stem cell commitment to myeloid cells in case of 
opportunistic infection.
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Introduction
Immunity plays a major role to fight against diverse infectious diseases and each 
individual possesses a different immunity. Some pathogenic infections are cleared 
by host’s immunity, while some require boosting the immunity to fight against 
them.1 Thus, a strengthened immune system enriched with myeloid cells is needed, 
which can be accomplished by precise regulation of transcription factor (TF) such 
as Purine rich box 1 (PU.1) (31kDa), GATA-1 (42.7 kDa) and c-Jun (41.9 kDa).2

PU.1 is an ETS family TF, encoded by Spi-1 gene, that by binding to PU-box 
acts as a transcriptional activator involved in differentiation and activation of 
macrophages, dendritic cells and B-cells. It plays a significant role in early stages 
of precursor T-cell development and is an established antagonist of erythropoiesis.3 

PU.1 protein levels within the hematopoietic stem cells (HSCs) are regulated by 
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NF-κB signaling, activated by Tumor Necrosis Factor 
(TNF).4 Although, GATA-1 plays a major role in the 
later stages of erythropoiesis,2 more so in the development 
of hematopoietic precursor cells (HPCs) committed to the 
erythroid lineage, primarily through Scl–Gata2–Fli1 triad.5 

Other coactivators that facilitate HPC development include 
Scl/TAL1, LDB1, and LMO2.6 The six isoforms of GATA 
(GATA 1 to 6) belong to dual zinc finger family, and 
GATA-1, GATA-2 and GATA-3 are involved with the 
regulation and development of HSCs. GATA- 
1-PU.1-GATA-2 transcription factors maintain a fine bal-
ance between the myeloid and erythroid lineages by com-
peting for the same binding site over c-Jun.7 The c-Jun is 
a member of basic leucine zipper (bZIP) family of TFs, 
and a part of the activator protein-1 (AP-1) complex.7 It is 
a protooncogene observed to play multifarious roles in 
proliferation, apoptosis, tissue morphogenesis and also 
tumorigenesis.8 One of its important roles in development 
and expansion of HPCs, via the JNK pathway.9

The GATA-1 competes with c-Jun to bind at β3/β4 region 
(234–246 amino acids) of PU.1 (270 amino acids) present in the 
ETS C-terminal DNA binding domain (170–253 amino acids) 
to repress/antagonize PU.1 function.10 The basic tail region of 
C-terminal zinc (Zn) finger (CF-tail) (291–317 residues) 
(VNRPLTMRKDGIQTRNRKASGKGKKKR) of GATA-1 
physically binds with PU.1 and displaces c-Jun to promote 
erythropoiesis. Although, c-Jun, an 18-residue sequence within 
its DNA-binding basic domain (257–276) 
(RKRMRNRIAASKCRKRKLER),11 binds with PU.1 that 
results in myelopoiesis. Thus, PU.1 is often described as 
a master regulator for myelopoiesis that enhances immunity 
against infections.12–17 However, limited evidence has reported 
such interaction among these molecules.18 Therefore, PU.1 
facilitated myelopoiesis regulating molecules have not yet 
been identified, eliciting a dearth of PDB complex 
structures.19 Hence, the docking study is required to elucidate 
GATA-1-PU.1 and c-Jun-PU.1 molecular interaction, which 
would further be used to design PU.1 mimic molecule.

In this study, PU.1 mimetic novel peptides were 
designed and used to abolish erythropoiesis by binding 
with GATA-1, which also promotes myelopoiesis by 
allowing the binding of c-Jun with β3/β4 region of 
PU.1. The protein sequence comparison of GATA-1 
and c-Jun reveals a high similarity between them. 
Initially, docking was employed to modulate the func-
tion of PU.1 by selective upregulation and 

relinquishing its potential to associate with GATA-1. 
The PU.1 docking identified the binding affinity for 
c-Jun and GATA-1, and hotspot residues involved in 
the interaction. Docking revealed that GATA-1 
mediated repression of PU.1 could be abolished if the 
physical interaction between the two proteins is hin-
dered. Therefore, mutated peptides of the β3/β4 region 
of PU.1 were generated in silico, which were consid-
ered to be specific for GATA-1 and expected to abro-
gate its binding with PU.1 without affecting c-Jun 
interaction. These mutated peptides were screened 
against both GATA-1 and c-Jun to identify GATA-1 
specific potential peptide. The predicted binding affi-
nity of each of these mutated peptides did not show 
much difference in the binding affinities between 
GATA-1 and c-Jun. Therefore, a scrambled peptide 
library of the β3/β4 region of PU.1 was generated 
and virtually screened to identify peptides with differ-
ential binding affinities for GATA-1 and c-Jun. This 
screening successfully identified potential peptides 
that possess a higher binding affinity for GATA-1 and 
lower for c-Jun. Subsequently, these peptides were 
synthesized, and later, functional assays were carried 
out to assess the potential effect of peptides. The fluor-
escence microscopy, confocal microscopy, and flow 
cytometry confirmed the intracellular localization and 
uptake of peptides within the cells. These peptides 
were found nontoxic as assessed using MTT assay. 
The increased expression of myeloid markers was eval-
uated in MO7e, KG1a, K562, and HL60 cells trans-
fected with peptides, which confirmed cells’ 
commitment towards myeloid lineage. The expression 
of TFs that increases during myelopoiesis was also 
determined in peptide treated cells. Besides, nanoparti-
cles of peptides (NPP) were synthesized and later char-
acterized by DLS (Dynamic Light Scattering), SEM 
(Scanning Electron Microscope), AFM (Atomic Force 
Microscope), and TEM (Transmission Electron 
Microscope), which displayed its sustained release in 
the in vitro assays to increase the myelopoiesis. Also, 
cellular toxicity, cellular uptake, intracellular localiza-
tion, assessment of myeloid expression, and in vivo 
studies of NPP were performed. The identification of 
these novel peptides would be drug-like candidates for 
enhancing selective myelopoiesis.
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Materials and Methods
Protein Structure Preparation and 
Docking of GATA-1 and c-Jun with PU.1
The three-dimensional (3D) structures of PU.1, GATA-1, 
and c-Jun were obtained from the PDB database (https:// 
www.rcsb.org/),20 and their PDB IDs are 1PUE (2.1 Å 
resolution X-ray structure),21 2GAT (NMR structure),22 

and 1JNM (2.2 Å resolution X-ray structure), respectively. 
The SPDBv23 software was employed to clean all the 
PDBs, which removed the DNA chains and dimerized 
forms of PU.1 and c-Jun. Additionally, the removal of 
phosphate groups from the active site, water molecules, 
ligands, and repeated subunits, and addition of Kollman 
charges and polar hydrogens in 1PUE and 1JNM was 
performed using AutoDock Vina.24 Subsequently, all 
these PDBs were cross-checked in PyMOL25 to prevent 
any repeated subunits or any ligand and phosphate group 
in their active site. However, GATA-1 and c-Jun were 
considered a macromolecule and were treated as rigid 
while, PU.1 kept flexible for docking. Docking of PU.1 
containing β3/β4 region with c-Jun was performed using 
AutoDock Vina with the grid of center_x: 3.8057, cen-
ter_y: −5.6020, center_z: 13.8560, size_x: 32.3736, 
size_y: 39.8905, size_z: 59.1722 with spacing 0.375 Å. 
Nonetheless, GATA-1 (2GAT PDB) docking was per-
formed with the grid of center_x: 7.8340, center_y: 
54.4930, center_z: 42.0176, size_x: 17.1276, size_y: 
17.9244, size_z: 20.8277 with spacing 0.375 Å. The super-
imposition of docking poses of GATA-1 and PU.1 com-
plex, with c-Jun and PU.1 complex, identified the 
orientation of PU.1 binding with both c-Jun and GATA-1 
using PyMOL.

Prediction of Mutations in the β3/β4 
Region of PU.1 Their 3D Structures and 
Docking
The 17 residues, NYGKTGEVKKVKKKLTY 
(NYGKTGEVKKVKK represents the β3/β4 region, and 
KLTY represents four gatekeeping residues) were extracted 
from 236–252 amino acids of PU.1 PDB, 1PUE to predict the 
effect of a mutation in this region. Thus, PoPMuSiC (https:// 
www.hsls.pitt.edu/obrc/index.php?page=URL1258139151) 
server26 was used to generate the mutations in the extracted 
peptide and predicted their stability and solvent accessibility. 
Subsequently, the 3D structure of mutated peptides was gen-
erated using PEP-FOLD (http://mobyle.rpbs.univ-paris- 

diderot.fr/cgi-bin/portal.py#forms::PEP-FOLD).27 PEP- 
FOLD was employed to predict the 3D structure of peptides 
from their amino acid sequences based on de novo approach 
using the Hidden Markov model with a coarse-grained force 
field and greedy algorithm. The docking of generated 3D 
structure with GATA-1 (2GAT, PDB containing 43–60 
amino acids) and c-Jun (1JNM, PDB containing 254–285 
amino acids) was performed using AutoDock Vina.

Designing of Scrambled Peptide Library of 
the β3/β4 Region Their 3D Structure 
Prediction and Optimization and Virtual 
Screening Against GATA-1 and c-Jun
The scrambled peptide library was generated based on PU.1 
β3/β4 region (13 amino acids) extracted from PDB, 1PUE 
using a library designing tool, GenScript (http://www.gen 
script.com). This scrambled peptide library consisted of 
80,000 peptides using all the permutation and combinations, 
C(n, r) = n!/r! (n-r)!. The following parameters were fixed to 
generate the library, such as 80,000 number of sequences as 
an output, the size of the library was ≤50, and length of the 
input sequence: 13 (NYGKTGEVKKVKK) at Molecular 
Weight, 1694.93802 Da. Among 80,000 peptides, 1% were 
selected randomly to generate 3D structures using the PEP- 
FOLD for virtual screening. Later, these 3D structures of 
peptides were subjected to energy minimization using 
SPDBv. The PyRx28 tool was employed for virtual screen-
ing of the 3D structure of scrambled peptides, which 
requires all of its input files in “pdbqt” format. 
Consequently, the protein and peptides were converted to 
pdbqt format using the Open Babel tool. Virtual screening 
was performed at centre_x: 3.8057, centre_y: −5.6020, cen-
tre_z: 13.8560, size_x: 32.3736, size_y: 39.8905, size_z: 
59.1722 with a spacing of 0.375 Å for PU.1 scrambled 
library against c-Jun. Conversely, virtual screening for 
GATA-1 was performed at centre_x: 7.8340, centre_y: 
54.4930, centre_z: 42.0176, size_x: 17.1276, size_y: 
17.9244, size_z: 20.8277 with a spacing of 0.375 Å. The 
screened peptides with lowest binding energy (B.E), 
Intermolecular HBonds, Desolvation energy, Electrostatic 
energy, and Van der Waal energy were selected for further 
analysis.

Measurement of Peptides Charge and 
Identification of Cleavage Sites
GenScript tool (http://www.genscript.com/tools.html) was 
used to compute the chemical formula, molecular weight, 

International Journal of Nanomedicine 2021:16                                                                                   https://doi.org/10.2147/IJN.S303235                                                                                                                                                                                                                       

DovePress                                                                                                                       
3835

Dovepress                                                                                                                                           Raghav and Gangenahalli

https://www.rcsb.org/
https://www.rcsb.org/
https://www.hsls.pitt.edu/obrc/index.php?page=URL1258139151
https://www.hsls.pitt.edu/obrc/index.php?page=URL1258139151
http://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal.py#forms::PEP-FOLD
http://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal.py#forms::PEP-FOLD
http://www.genscript.com
http://www.genscript.com
http://www.genscript.com/tools.html
https://www.dovepress.com
https://www.dovepress.com


isoelectric point, charge, and attributes (acidic, basic, neu-
tral, hydrophobicity, and hydrophilicity) of peptides. The 
PeptideCutter29 (http://web.expasy.org/peptide_cutter/) 
analyzed the cleavage sites to measure the stability of 
peptides. The parameter of Block size at 60 was selected 
for considering all the enzymes which might have possible 
cleavage sites. Additionally, the secondary structure con-
tent of peptides was predicted by STRIDE tool (http:// 
webclu.bio.wzw.tum.de/stride/).30

Chemicals and Reagents
Peptides were customized and purchased as lyophilized acet-
ate salts from GL Biochem (China). The purity of peptides 
was confirmed by HPLC using C18 (4.6×250 mm) column, 
with solvent 0.1% trifluoroacetic in 100% acetonitrile and 
0.1% trifluoroacetic in 100% water at a flow rate of 1.0mL/ 
min for 220nm. Later, the presence of peptides was detected 
by mass spectrometry using Electrospray Ionization (ESI) 
probe with +4.5kv bias, 1.5L/min nebulizer gas flow, 1.5kv 
detector, −20.0v CDL, 250°C CDL, and 200°C block tem-
perature. The N-terminal of each peptide was labeled with 
fluorescein isothiocyanate (FITC) to perceive the localization 
of peptides in the cells for uptake and functional studies. The 
synthesized FITC labeled peptides were obtained as without 
cell penetrating peptide (CPP), (FITC-NVEYK 
KKVTGGKK (P1), FITC-EKKGKYKKNVVGT (P2), and 
FITC-NYGKTGEVKKVKK (P3)), and with CPP (FITC- 
NVEYKKKVTGGKK-RRRRRRRRRRRR (P4), FITC- 
EKKGKYKKNVVGT-RRRRRRRRRRRR (P5), and 
FITC-NYGKTGEVKKVKK-RRRRRRRRRRRR (P6)). 
These peptides were obtained as 5mg approximate weight 
dissolved in Milli-Q-water and stored at −20°C as aliquots. 
Cell culture media RPMI1640 and IMDM were purchased 
from MP Biomedicals and Sigma Aldrich, respectively. The 
cell lines, KG1a, K562, and HL60 were purchased from 
National Centre for Cell Sciences (NCCS), Pune, India. 
Also, MO7e cells were obtained as a kind gift from 
Dr. Paulo de Sepulveda, INSERM scientist, Institute 
National de la Santé et de la Recherche Médicale, France. 
The Fetal Bovine Serum (FBS) of Gibco was purchased from 
Invitrogen, and plasticwares used for the experiments were 
from BD. The antibodies used in this study were purchased 
from their respective companies such as Anti-CD33-PE 
/Cy5.5 (Abcam; ab51530), anti-CD11B (BD), anti-CD116- 
PE (BD), anti-CD114-PE (BD), PU.1 (Rabbit polyclonal 
IgG1; Santa Cruz Biotechnology), c-Jun (Rabbit polyclonal 
IgG1), GATA-1 (goat polyclonal IgG1), C/EBPα (goat poly-
clonal IgG1; Santa Cruz Biotechnology). The following 

secondary antibodies used were purchased: anti-mouse IgG- 
PE (Santa Cruz Biotechnology), anti-rabbit IgG1-PE (Santa 
Cruz Biotechnology), and anti-goat IgG1-PE (Santa Cruz 
Biotechnology). The cytokines, SCF, G-CSF, GM-CSF, and 
IL-3 were purchased from Sigma Aldrich. Progenitor HSCs 
isolated from bone marrow were purchased from Lonza. 
PrestoBlue reagent was purchased from Invitrogen, and 
MTT from Sigma Aldrich chemicals, MethoCult H4435 
methylcellulose from StemCell Technologies, the antibiotic 
and antimycotic solution from HiMedia, India. The Milli-Q 
with a resistance of 18.2 MΩ.cm from the Milli-Q system 
(Merck Millipore) attached with a 0.22µ PVDF membrane 
filter was used to dissolve the peptides and nanoparticles. 
Biodegradable Poly(D,L-Lactide-co-glycolide)-lactide:gly-
colide (PLGA), mol. wt. 30,000–60,000 (50:50 lactide:gly-
colide, MW 30,000–60,000) was purchased from Sigma 
Aldrich Chemicals (P2191-1G). The organic solvent, ethyl 
acetate (EA HPLC grade) purchased from Aldrich 
Chemicals. The stabilizer, poly (vinyl alcohol) (PVA, MW 
9000–10,000, 80% hydrolyzed), was purchased from Aldrich 
Chemicals.

Cell Culture
KG1a (promyeloblast, macrophage) and K562 (lympho-
blast) cells in IMDM medium, and MO7e (megakaryoblas-
tic) and HL60 (promyeloblast) suspension cells in 
RPMI1640 medium were cultured in 100mm petri dishes 
and incubated at 37°C and 5% CO2. The KG1a cells were 
cultured in 20% FBS, whereas K562, HL60, and MO7e 
cells in 10% FBS containing 1% of 100× antibiotic and 
antimycotic solution, which includes 10,000 U Penicillin, 
10mg Streptomycin, and 25µg Amphotericin B per mL in 
0.9% normal saline (#A002, HiMedia, India). Besides, 
MO7e cells were cultured with 10ng/mL SCF. All the 
cells were visualized microscopically to confirm cells’ 
viability after 24h of incubation except MO7e after 40h.

Circular Dichroism (CD) of Peptides
The CD spectrum of peptides was acquired in the ultra-
violet (UV) wavelength between 250 to 190 nm at 20.1°C, 
using the JASCO-CD Polarimeter, J-815 (150-S) 
spectrophotometer.31 The spectra with three accumulations 
were recorded at a 1.0nm data pitch, 61 data point, 1nm 
bandwidth, 1sec response time, and a 100nm/min scan 
speed. The CD measurement of each peptide was carried 
out at a concentration of 0.5%. The CD spectra were used 
to determine the ellipticity and secondary structure (α- 
helix, beta (β), turns, and random) content of peptides. The 
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310-helix indicated an α-helix, β signifies β-sheets, the 
bends named as turns, and the single residues assigned as 
random were grouped as disordered. The secondary- 
structure contents of six peptides in solution were assessed 
from the CD spectra using the SELCON3 program.

Cellular Uptake of Peptides and NPP 
Characterization by Flow Cytometry
The peptides and NPP uptake into the cells were assessed 
using flow cytometry. The 2.5×105 KG1a, K562, MO7e, 
and HL60 cells were seeded per well onto a 24-well plate 
for treatment of peptides and incubated for 24h except for 
MO7e, 40h. Similarly, the same procedure was also used 
for the treatment of NPP except for HL60 cells/mL seeded 
at a density of 1×105. The FITC-labeled peptides at 5µg 
and NPP at 5µg/mL were incubated with the cells for 1h at 
37°C in the dark. Later, cells were washed thrice with ice- 
cold PBS to remove excess extracellular complexes, 
adsorbed, and free particles. Afterward, the cells were 
treated with trypsin (1mg/mL) for 10mins at 4°C to 
remove any peptides or nanoparticles bound to the cell 
surface. Subsequently, the cells were rewashed with ice- 
cold PBS thrice and centrifuged at 300xg (Spinwin, 
Tarson) for 5mins. Afterward, the cells were processed 
for flow cytometry and analyzed samples at a rate of 
10,000 events/sample by LSRII Becton Dickinson (BD) 
flow cytometer to measure the fluorescence intensity. Flow 
cytometry data analysis was carried out using flowing 
software (https://bioscience.fi/services/cell-imaging/flow 
ing-software/).32

Detection of Intracellular Localization of 
Peptides and NPP
The intracellular localization of peptides in MO7e and 
KG1a cells and NPP in HL60 cells was investigated 
using fluorescence and confocal microscopy. These cells 
were seeded in a 24-well plate at a density of 2×105 and 
grown overnight, then incubated for 1h with 5µg of FITC 
labeled peptide and 10µL of NPP for 24h. The cells were 
harvested and centrifuged to remove the culture medium, 
followed by washing and centrifugation; the pellet was 
treated with 1% trypsin to remove cell membrane-bound 
peptides. Later, cells were pelleted and were washed thrice 
with PBS and fixed for 10mins at room temperature (RT) 
in 4% paraformaldehyde (PFA). Afterward, the cells were 
mounted on microscope slides with an anti-fading agent 
(prolong gold antifade reagent with DAPI) in the dark. The 

distribution of FITC (peptides only or NPP) and DAPI (for 
nucleus staining) was analyzed using a fluorescence 
microscope with an appropriate filter set at 40× magnifica-
tion (Axio Imager M2, Zeiss, Germany). Additionally, 
Leica confocal microscope equipped with 40x and 100x 
objectives was used to detect peptide localization.

Cell Viability
The peptides and NPP toxicity to cells were assessed using 
MTT cell viability assay. The concentration of peptide at 
5µg was used to access cell viability using MTT because 
of efficient cellular uptake shown by flow cytometry. 
Moreover, the viability of NPP (5µg) treated HL60 cells 
was measured using the PrestoBlue dye (Invitrogen). The 
KG1a and K562 cells in 100µL IMDM supplemented with 
20% and 10% FBS, respectively, were seeded in 96 wells 
plate at a density of 2.5×104 cells/well in triplicates and 
incubated for 24h. However, MO7e (supplemented with 
10ng/mL SCF) and HL60 cells in 100µL of RPMI supple-
mented with 10% FBS were seeded and incubated at 37°C 
with 5% CO2 for 40h and 24h, respectively. Afterward, 
MTT was added and incubated for 2h and followed by 
DMSO addition for another 2h followed by absorbance 
measured by a spectrophotometer (BioTek Instruments, 
India) at 570nm, and 690nm (reference λ). Besides, 
PrestoBlue reagent, 10µL was added to each well con-
tained nanoparticle-treated cells, followed by incubation 
for 10mins and finally read the absorbance at 570nm, and 
reference at 600nm.

Determination of Myeloid Marker 
Expression
The flow cytometry analysis of myeloid marker expression 
was performed to evaluate the myelopoiesis on peptide 
treatment. Surface staining for CD33, CD116, CD114, 
and CD11B was performed for P1, P2, P3, P4, P5, and 
P6 treated KG1a, K562, MO7e, and HL60 cells. These 
treated cells were seeded in a 24-well plate at a density of 
2.5×105 cells/well incubated for 24h except MO7e for 40h. 
Likewise, HL60 cells treated with NPP were also given the 
same treatment as followed by peptide treated HL60 cells. 
Harvested cells were centrifuged, washed thrice, and fixed 
for 10mins in 4% PFA at RT followed by three washings 
with PBS and incubation in 100µL BSA on ice for 20mins 
to block Fc receptors. After incubation, cells were again 
washed with PBS and stained with anti-CD-PE (0.1µg) 
conjugated marker antibodies at 4°C for 1h. The cells were 
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washed up to three times after antibody incubation and 
were subsequently analyzed by LSRII. The same proce-
dure was also followed for progenitor bone marrow HSCs 
treated with P4, P5, and P6 peptides for 24h and subse-
quently stained with CD33-PE antibody for 1.5×104 cells/ 
well in a 48-well plate to evaluate the CD33 expression 
using flow cytometry.

Evaluation of Peptides Treatment for 
Expression of TFs
The TFs expression was assessed to evaluate the function 
of peptide treated cells in regulating TFs expression. The 
2.5×105 K562, KG1a, MO7e, and HL60 cells supplemen-
ted with 250µL media treated with P1, P2, P3, P4, P5, and 
P6 were seeded onto a 48-well plate. All the cells were 
harvested after incubation of 24h, except MO7e (40h), into 
microcentrifuge Eppendorf tubes and subsequently washed 
thrice with PBS. Afterwards, washed cells were fixed in 
4% PFA in PBS containing 0.1% saponin and 0.5% Tween 
20 for 30mins at 4°C. Fixed cells were spun at 500×g for 
5mins and washed with 200µL permeabilization buffer 
(1% BSA, 0.01% sodium azide in PBS containing 0.5% 
tween 20 and 0.5% saponin) twice. Later, cells were 
resuspended using 75µL of permeabilization buffer and 
incubated for 30mins at 4°C. Later on, 0.1µg each of 
primary antibody of PU.1, c-Jun, GATA-1, and C/EBPα 
was added in 25µL permeabilization buffer for another 
30mins on ice. Unbound primary antibodies were washed 
out with permeabilization buffer with three washes. 
Subsequently, 0.2µg of secondary antibody was added to 
the 100µL cell suspension in permeabilization buffer. The 
cells were incubated for another 30mins at 4°C in the dark 
and washed three times with 200µL permeabilization buf-
fers. Further, cells were resuspended in staining buffer (1% 
BSA and 0.01% sodium azide in PBS) and acquired in 
a flow cytometer, LSRII.

Colony-Forming Assay
The HSCs differentiated into myeloid cell colonies in the 
presence of peptides, cytokines, and their combinations 
were evaluated using a colony-forming assay. A single- 
HSC suspension was obtained by pipetting the 300µL 
complete media in 2mL semi-solid MethoCult H4435 
methylcellulose supplemented with 1% antibiotic and anti-
mycotic solution. Subsequently, peptides alone (P4, P5, 
and P6) at 5µg/mL, cytokines alone (G-CSF, GM-CSF, 
and IL-3) at 10ng/mL, and the combination of peptides 

at 5µg/mL and cytokines at 10ng/mL (P4, G-CSF, GM- 
CSF, and IL-3; P5, G-CSF, GM-CSF, and IL-3; P6, 
G-CSF, GM-CSF, and IL-3) were added to the mixture. 
Each final mixture was allowed to stand for 5mins to 
eliminate air bubbles and seeded in a 24-well plate in 
triplicates. The HSCs suspension was seeded in a 24-well 
plate at a concentration of 2×103 HSCs per well. On day 
14, total CFU-GM colonies were counted and imaged 
using a Nikon camera attached with an inverted micro-
scope (Olympus, Japan).

Fabrication of NPP
The nanoparticles of P1 (NPP1), nanoparticles of P2 
(NPP2), nanoparticles of P3 (NPP3), nanoparticles of P4 
(NPP4), nanoparticles of P5 (NPP5), and nanoparticles of 
P6 (NPP6) were synthesized using the nanoprecipitation 
method33,34 with slight modification. The organic phase 
was prepared by dissolving 10mg of PLGA and 50µg of 
each peptide in 1mL of ethyl acetate as an organic solvent. 
The organic phase was mixed well, using vortex 
(Bangalore Genei) and subsequently sonicated at 50 
powers and 20 pulses for 1min with a probe-tip sonicator 
(Bandel In). The mixed organic phase was then added 
dropwise to make emulsion at the rate of 100uL/min into 
an aqueous phase containing a surfactant (PVA 2% dis-
solved in water as an aqueous solvent). The nanoparticle 
suspension was kept under continuous stirring at 300rpm 
for 3h at 4°C to allow the complete evaporation of ethyl 
acetate, leaving behind the colloidal suspension of peptide- 
PLGA-nanoparticles in the aqueous phase. The colloidal 
nanosuspension was centrifuged at 14,000rpm 
(Refrigerated high-speed centrifuge, REMI, India) for 
30mins at 4°C to get the final nanoparticulate, containing 
pellet as an encapsulated peptide. The pellet was washed 
two times with MiliQ to remove adsorbed peptide from the 
surface of nanoparticles. Further, the nanoparticulate pellet 
was redispersed in 1mL Milli-Q to perform subsequent 
assays.

Calculation of Peptide Encapsulation 
Efficiency and Loading Percentage
The NPPs were centrifuged at 14,000rpm for 30mins at 4°C, 
then washed twice with MiliQ, and the supernatant was 
collected and stored at −20°C. The micro BCA protein 
assay was used to quantify peptides in the supernatant, and 
absorbance was measured at 570nm using a microplate reader 
(BioTek Instruments, India). Background readings were 
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corrected by subtracting the optical density (OD) values of 
supernatants from PBS-encapsulated in PLGA-nanoparticles. 
The peptide load in nanoparticles was calculated based on the 
amount of peptide and PLGA in NPP. The peptide encapsula-
tion efficiency (EE) and the peptide loading capacity (LC) 
were calculated using the established protocol.35

Characterization of NPP
DLS assessed the mean particle size and charge distribu-
tion, whereas SEM and TEM determined the morphology 
and exact size of the NPP, respectively. On the other hand, 
the smoothness and roughness of NPP were identified 
using AFM. The mean sizes and zeta potentials of NPP 
were measured using a Zetasizer Nano-ZS instrument 
(Malvern Instruments, UK). Each NPP sample was sus-
pended in filtered Milli-Q, sonicated, and placed in two 
different disposable cuvettes for size and zeta potential 
measurements. Individual sample was measured three 
times and is reported as the mean of triplicates for the 
Zetasizer (diameter in nm) and zeta potential (mV). The 
measurement was conducted for at least three batches of 
NPP. The morphology, uniformity, shape, and size36 of 
NPP were assessed using SEM (Carl Zeiss AG-SUPRA 
55VP). The NPP were mounted on metal pegs using con-
ductive double-sided tape and sputter coated with a gold 
layer before the examination. The exact size of each NPP 
was assessed using high-resolution TEM (Technai G2T30, 
U-Twin (FEI, Netherland)). One drop of each NPP was 
sufficiently deposited on the separate carbon-coated cop-
per grid (200 mesh). The grids were allowed to dry for 
10min before microscopy analysis. AFM was used to 
image the shape and size of the nanoparticles prepared 
by the nanoprecipitation method. A drop (10µL) of each 
of PLGA-alone and PLGA-peptides nanoparticles was 
deposited on a glass slide of 1cm2 mica surface and 
dried under the vacuum for 2h before being scanned. The 
measurements were performed using a commercial AFM 
(Agilent 5600 LS system) at RT in tapping mode (fre-
quency= 5 kHz) and 2000-pixel × 2000-pixel format. 
The AFM images in a large scanning area were processed, 
and morphological analysis was performed in a dynamic 
mode in two dimensions (2D) and three dimensions (3D).

In vivo Administration of NPP
Male six-to-eight-week-old C57BL/6 mice (from animal 
house, INMAS) were used for this study. The animal study 
was performed, followed by a protocol recommended for 
PLGA nanoparticle delivery.27 Animals were distributed in 

polypropylene cages containing certified husk as bedding, 
food, and acidified water ad libitum throughout the experi-
ment. Animals were housed under a standard pathogen- 
free environment with a 12h light/dark cycle at RT of 23 
±2°C and relative humidity of 55±5%. The committee 
approved the protocol followed for animal studies used 
in this experiment on the ethics of animal experiments of 
the Institute of Nuclear Medicine and Allied Sciences 
(INM/IAEC/2019/02). The NPP1 was injected into male 
C57BL/6 mice at 100μg in 100μL PBS by IP injection 
once a day consecutively for three days. The animals were 
euthanized through cervical dislocation on the 4th day of 
injection and processed to collect spleen, liver, bone mar-
row and kidney for tissue sectioning, and blood taken from 
the heart for hematology.

Hematology of Mice Injected with NPP1 
and Toxicity Measurement by Histology
Analysis of blood samples was carried out after three days 
of treatment. Blood was collected into EDTA vacutainers 
(BD Microtainer Becton, Dickinson & Co., USA) from the 
heart of sacrificed mice. Hematological parameters such as 
the number of erythrocytes (RBCs), leukocytes (WBCs), 
hematocrit (HCT), hemoglobin (HGB), mean corpuscular 
volume (MCV), mean amount of hemoglobin in erythro-
cytes (MCH), mean hemoglobin concentration in the 
volume of erythrocytes (MCHC), red cell distribution by 
volume (RDW), platelet index (PLT) and granulocytes 
(GR) were determined in blood cell counter cell-Dyn 
3200 (Abbott, USA). Besides, the toxicity of NPP1 in 
mice was assessed by visualizing the tissue section mor-
phology of bone marrow of the thigh bone (femur), liver, 
spleen, and kidney. These tissue sections were fixed into 
10% formalin except bone marrow in PBS. The fixed 
tissues were stained with hematoxylin and eosin and trea-
ted with paraffin.

Statistical Analysis
Results expressed as mean ± SD. Independent two-sided 
Student’s t-test was used to compare two groups. Data was 
considered statistically significant at a value of p <0.05, 
p <0.01, p <0.005 and p <0.001.

Results
Docking of GATA-1 and c-Jun with PU.1
The GATA-1 and c-Jun binding affinity towards PU.1 
was estimated where the c-Jun domain, 
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RKRMRNRIAASKCRKRKLER (−6kcal/mol), showed 
a higher binding affinity than the GATA-1 domain, 
VNRPLTMRKDGIQTRNRKASGKGKKKR (−4kcal/ 
mol). The interaction energy between GATA-1 and 
c-Jun with PU.1 was ranked according to their binding 
mode and affinity for the β3/β4 region of PU.1 
(Figure 1A).

Mutational Analysis of the β3/β4 Region 
of PU.1
Substituted mutations in the β3/β4 region of peptides 16, 
18, 19, 24, 25, 26, and 27 showed 100% solvent accessi-
bility, which leads to unstable peptide structures (Figure 
1B). These mutated peptides possess higher ∆∆G and 
susceptibility to degradation. Polar substituted mutation 
of peptides 6, 8, and 14, having the lowest solvent acces-
sibility (26%) with moderate ∆∆G, appeared to be stabiliz-
ing mutations. However, the 3D structure of peptides (1, 2, 
3, 4, 5, 7, 10, 11, 12, 15, and 21) containing mutated 
gatekeeping residues were found to have 72% solvent 
accessibility which shows instability. Furthermore, all 
mutated peptides were selected for docking with 2GAT 
and 1JNM (Figure 1C). The mutated peptides 1, 4, 6, 8, 
11, 18, 19, 20, 25, 26, and 27 displayed a higher binding 
affinity for c-Jun and lower for GATA-1. The highest 
difference in B.E, −1.6 kcal/mol between c-Jun and 
GATA-1 was observed for peptide 1. In contrast, mutated 
peptides 3, 5, 7, 9, 10, 12, 13, 16, 17, 21, 22, 23, and 24 
displayed a higher binding affinity for GATA-1 as com-
pared to c-Jun. The B.E difference between GATA-1 and 
c-Jun was identified to be −0.9 kcal/mol for peptide 17. 
Also, the peptides 2, 14, and 15 were detected as neutral 
mutated peptides, which did not show the B.E difference 
between GATA-1 and c-Jun.

Designing and Virtual Screening of Novel 
Scrambled Peptide Library
The 80,000 scrambled peptide sequences of a β3/β4 region 
(NVEYKKKVTGGKK) were generated by applying 
mathematical permutation and combinations to identify 
novel peptides. Nevertheless, 800 peptides were chosen 
randomly, and 3D structures of each peptide were gener-
ated. The 3D structure was selected based on the cluster 
possessing minimum energy. Further, these structures were 
energy minimized and considered for virtual screening 
against GATA-1 (2GAT) and c-Jun (1JNM) binding 
domains (Figure 1D). Among screened peptides, the 

peptide P2 (EKKGKYKKNVVGT) was identified with 
the highest binding affinity towards GATA-1 (−5.1 kcal/ 
mol) and lower towards c-Jun (−4 kcal/mol) (Figure 1E). 
However, P1 (NVEYKKKVTGGKK) displayed a higher 
B.E difference between GATA-1 and c-Jun (−1.6 kcal/mol) 
compared with P2 (−1.1 kcal/mol). Interestingly, the bind-
ing affinity of the control, β3/β4 peptide (P3), was pre-
dicted to have the lowest for GATA-1 and highest for 
c-Jun with a B.E difference of 1.3 kcal/mol. The higher 
B.E difference between GATA-1 and c-Jun (B.E. GATA- 
1–c-Jun) showed that peptides have a higher binding affi-
nity towards GATA-1 and lower towards c-Jun. The P3 
peptide showed the lowest B.E. difference between GATA- 
1 and c-Jun, 1.3 kcal/mol.

Novel Peptide Charge, Cleavage Sites, 
and Secondary Structure Content 
Analysis
The structures of six peptides (P1, P2, P3, P4, P5, and P6) 
were generated using PEP-FOLD and refined by SPDBv 
as represented in Figure 1F. The secondary structure con-
tent of P1 showed a rigid peptide, whereas P3 showed 
most flexible peptide (Table 1). The overall charge of 
peptides was calculated and found to be basic (Table 2). 
The peptide cleavage sites were identified before perform-
ing the experimental studies to avoid the use of chemicals 
and reagents containing reported enzymes (Table 3).

CD Identified Secondary Structure 
Content of Peptides
CD spectroscopy identified two-dimensional (2D) struc-
tures of the peptides, P1, P2, P3, P4, P5, and P6 to 
measure the flexibility and rigidity. The P1, P3, P4, and 
P5 possessed reduced levels of ellipticity, implying that 
without CPP these peptides lose a substantial degree of 
secondary structure, which becomes less compact and 
more disordered (Figure 1G). Although P2 exhibited its 
moderate ellipticity without CPP while P6 attained folded 
structure on CPP addition. The peptide P1 was found in 
solution as 0% helix, 29.1% beta strand, 18% turns, and 
52.8% unordered structure (Figure 1H). Similarly, P4 
(CPP added to P1) existed as 0% helix, 30.1% beta strand, 
18.8% turns, and 51.1% unordered structure. However, P1 
and P4 showed an increase in beta strand by 1% and turn 
by 0.8%, though a 1.7% decrease in the random coil was 
noted. Similarly, the peptide P2 sequence is the same as P5 
except containing CPP sequence, which showed a 5.3% 
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decrease in beta content, a 2.1% increase in turn and 3.2% 
increase in the coil. Nonetheless, significant structure 
alteration was identified while comparing P3 to P6 that 

displayed 8.6% increase in helix, 21.5% decrease in beta, 
11.1% increase in turns, and 1.8% increase in the random 
coil.

A

D

F

B

C

E

G H

Figure 1 (A) Protein-protein docking identified that PU.1 (1PUE) exhibited a higher binding affinity for c-Jun (1JNM) compared to GATA-1 (2GAT). (B) Mutated peptide solvent 
accessibility and ∆∆G. The generated mutations and β3/β4 region of wild-type are shown with c-terminal gatekeeping residues (KLTY). (C) Docking of mutated peptides with 
GATA-1 and c-Jun showing binding energies (B.E.). (D) Virtual screening of peptides showing a lower affinity (positive B.E.) and higher affinity (negative B.E.). (E) The potential 
peptides have higher binding affinity with GATA-1 and lower with c-Jun compared to control (β3/β4 region). (F) Three-dimensional structure of P1, P2, P3, P4, P5, and P6 peptides. 
(G) Overlays of CD spectra showing differences in ellipticity between P1, P2, P3, P4, P5, and P6 peptides. (H) CD identified the percentage of secondary structure content of 
peptides.
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Characterization of Peptides
ESI mass spectrometry determined the molecular mass, 
through which the maximum peptide length was esti-
mated. The purity of P1 to P6 peptides was provided by 
HPLC, as shown in Figure 2. The yield of P1 to P6 
peptide purity was obtained more than 95%, suitable for 
cell culture. These purities were explicitly associated 
with the mass spectrum of peptide, which displayed 
a maximum relative percentage of (M+3H)3+ ions 

at m/z 661.77 for P1, (M+3H)3+ ions at m/z 661.81 
for P2, (M-2H)2- ions at m/z 989.45 for P3, (M+6H)6+ 

ions at m/z 644.02 for P4, (M+7H)7+ ions at m/z 552.20 
for P5, and (M+7H)7+ ions at m/z 552.27 for P6.

Intracellular Uptake of P1, P2, P3, P4, P5, 
and P6 Peptides and NPP
The distribution of FITC tagged peptides (green fluor-
escence) at 5µg was observed in living unfixed MO7e, 

Table 1 Secondary Structure Content of Each Amino Acid of P1, P2, P3, P4, P5, and P6 Peptide

Residues P1 P2 P3 P4 P5 P6

1 ASN-H GLU-C ASN-C ASN-C GLU-C ASN-T
2 VAL-H LYS-C TYR-C VAL-H LYS-C TYR-T

3 GLU-H LYS-T GLY-C GLU-H LYS-G GLY-T

4 TYR-H GLY-T LYS-C TYR-H GLY-G LYS-T
5 LYS-H LYS-T THR-C LYS-H LYS-G THR-C

6 LYS-H TYR-H GLY-H LYS-H TYR-C GLY-H

7 LYS-H LYS-H GLU-H LYS-C LYS-C GLU-H
8 VAL-H LYS-H VAL-H VAL-C LYS-H VAL-H

9 THR-H ASN-H LYS-H THR-C ASN-H LYS-H
10 GLY-T VAL-H LYS-H GLY-T VAL-H LYS-H

11 GLY-T VAL-H VAL-H GLY-T VAL-H VAL-H

12 LYS-T GLY-T LYS-H LYS-H GLY-C LYS-H
13 LYS-T THR-T LYS-C LYS-H THR-H LYS-H

14 – – – ARG-H ARG-H ARG-H

15 – – – ARG-H ARG-H ARG-H
16 – – – ARG-H ARG-H ARG-H

17 – – – ARG-H ARG-H ARG-H

18 – – – ARG-H ARG-H ARG-H
19 – – – ARG-H ARG-H ARG-H

20 – – – ARG-H ARG-H ARG-H

21 – – – ARG-H ARG-H ARG-H
22 – – – ARG-H ARG-H ARG-H

23 – – – ARG-C ARG-H ARG-H

24 – – – ARG-C ARG-C ARG-H
25 – – – ARG-C ARG-C ARG-C

Abbreviations: H, alpha helix; T, turn; C, coil.

Table 2 Identification of Peptide Charge, Attribute, Isoelectric Point, Molecular Weight (MW), and Purity

Peptides Peptide Sequence Charge Attribute Isoelectric Point MW. (Da) Purity by HPLC (%)

P1 NVEYKKKVTGGKK 4 BASIC 10.70 1981.31 96.22

P2 EKKGKYKKNVVGT 4 BASIC 10.70 1981.31 96.55

P3 NYGKTGEVKKVKK 4 BASIC 10.70 1981.31 95.26
P4 NVEYKKKVTGGKKRRRRRRRRRRRR 16 BASIC 12.98 3855.57 95.63

P5 EKKGKYKKNVVGTRRRRRRRRRRRR 16 BASIC 12.98 3855.57 96.41

P6 NYGKTGEVKKVKKRRRRRRRRRRRR 16 BASIC 12.98 3855.57 95.15

Notes: Red (-ve): acidic residues, like D and E, and C-terminal -COOH; blue (+ve): basic residues, like R K H and N-terminal -NH2; green: hydrophobic uncharged residues, 
like F I L M V W A and P; black: other residues, like G S T C N Q and P.
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Table 3 Predicted Cleavage Sites of Peptides P1, P2, P3, P4, P5, and P6

Enzyme N; 
P

Peptides

P1 P2 P3 P4 P5 P6

Arg-C Proteinase N – – – 12 12 12

P – – – 14, 15, 16, 17, 18, 19, 20, 

21, 22, 23, 24, 25

14, 15, 16, 17, 18, 19, 20, 

21, 22, 23, 24, 25

14, 15, 16, 17, 18, 19, 20, 

21, 22, 23, 24, 25

ASP-N endopeptidase 

+ N-terminal Glu

N 1 – 1 1 – 1

P 2 – 6 2 – 6

Chymotrypsin-high 

specificity

N 1 1 1 1 1 1

P 4 6 2 4 6 2

Chymotrypsin-low 
specificity

N 1 1 1 1 1 1

P 4 6 2 4 6 2

Glutamyl 

Endopeptidase

N 1 1 1 1 1 1

P 3 1 7 3 1 7

LysC N 5 5 5 5 5 5

P 5, 6, 7, 

12, 13

2, 3, 5, 

7, 8

4, 9, 

10, 12, 
13

5, 6, 7, 12, 13 2, 3, 5, 7, 8 4, 9, 10, 12, 13

LysN N 5 5 5 5 5 5

P 4, 5, 6, 

11, 12

1, 2, 4, 

6, 7

3, 8, 9, 

11, 12

4, 5, 6, 11, 12 1, 2, 4, 6, 7 3, 8, 9, 11, 12

Pepsin (pH>2) N 2 1 2 2 1 2

P 3, 4 6 1, 2 3, 4 6 1, 2

Proteinase K N 5 5 5 5 5 5

P 2, 3, 4, 

8, 9

1, 6, 

10, 11, 
13

2, 5, 7, 

8, 11

2, 3, 4, 8, 9 1, 6, 10, 11, 13 2, 5, 7, 8, 11

Staphylococcal 
Peptidase I

N 1 1 1 1 1 1

P 3 1 7 3 1 7

Thermolysin N 2 2 1 2 2 1

P 1, 7 9, 10 10 1, 7 9, 10 10

Trypsin N 5 5 5 7 7 7

P 5, 6, 7, 

12, 13

2, 3, 5, 

7, 8

4, 9, 

10, 12, 

13

5, 6, 7, 12, 13, 14, 25 2, 3, 5, 7, 8, 14, 25 4, 9, 10, 12, 13, 14, 25

Clostripain N – – – 12 12 12

P – – – 14, 15, 16, 17, 18, 19, 20, 

21, 22, 23, 24, 25

14, 15, 16, 17, 18, 19, 20, 

21, 22, 23, 24, 25

14, 15, 16, 17, 18, 19, 20, 

21, 22, 23, 24, 25

Notes: Number of cleavages in peptides: N; positions of cleavage sites in peptides: P.
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KG1a, K562, and HL60 cells using FACS analysis 
(Figure 3A). Because of the cationic nature of P1, P2, 
P3, P4, P5, and P6, they strongly bind with the 

negatively charged cell membrane. Thus, trypsin was 
used to remove cell membrane-bound peptides and mea-
sure peptide fluorescence inside the cells. All peptides 

Figure 2 HPLC and mass spectrometry of peptide P1, P2, P3, P4, P5, and P6.
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were successfully permeated in all four cell lines at 
a 5µg concentration, but peptides having CPP sequences 
showed increased uptake.

Cellular Localization of Peptides
The fluorescence microscopy confirmed the internalization 
of P1, P2, P3, P4, P5, and P6 in MO7e cells at 5µg/mL 

A

B C

Figure 3 (A) P1 and P4 (green), P2 and P5 (red), and P3 and P6 (blue) uptake show its permeation in MO7e, KG1a, K562, and HL60 cells as compared to autofluorescence 
of cells (black). (B) Fluorescence images of MO7e cells showing P1, P2, P3, P4, P5, and P6 peptide uptake at 5µg. Green fluorescence (FITC) is shown by peptides’ intake 
within the cells followed by nucleus staining with DAPI (blue). (C) Confocal microscopy of MO7e cells showing P1, P2, P3, P4, P5, and P6 peptide uptake at 5µg/mL.
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(Figure 3B). The MO7e cells treated with peptides showed 
their distribution inside the cells but did not demarcate 
their presence in the nucleus. The merged images identi-

fied the presence of peptides (FITC, green color) inside the 

cells. It was observed that P1, P2, and P3 peptides were 

bound to the membrane and also entered inside the cells. 

Most of the peptides were found in the cells instead of the 

nucleus, which is likely to be targeting cytosolic GATA-1.

Confocal Microscopy
The localization of peptides at 5µg/mL was identified 
within the MO7e cells using confocal microscopy 

Figure 4 Toxicity assessment of P1, P2, P3, P4, P5 P6 treated (A) K562, (B) KG1a, (C) MO7e, and (D) HL60 cells. (E and F) shows the viability of NPP1, NPP2, NPP3, 
NPP4, NPP5, and NPP6 treated HL60 cells at 5µg/mL for 40h. $p<0.005; *p<0.05;@p<0.01; NS, not statistically significant.
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(Figure 3C). However, P4 and P6 showed a high-intensity 
signal of FITC whereas, a low-intensity signal was identi-
fied in the cells treated with peptides without CPP, P1, P2, 
and P3. Nonetheless, no nuclear localization was noted, 
which suggested that peptides’ effect would likely be due 
to the penetrated peptides within the cells.

Assessment of Cell Viability
The viability of K562 (Figure 4A), KG1a (Figure 4B), 
MO7e (Figure 4C), and HL60 (Figure 4D) cells treated 
with P1, P2, P3, P4, P5, and P6 was assessed using MTT. 
The K562 cells treated with P2, P3, P5, and P6 peptides 
were found significantly (p<0.005) viable compared with 
control (C). However, an insignificant decrease in viability 
was observed for P4 treated cells, and an insignificant 
increase in viability was detected for P1 treated cells. 
Furthermore, only P6 displayed a significant increase in 
cell viability than C, while other peptides displayed insig-
nificant changes in KG1a. Moreover, no significant 
changes were observed in HL60 cells, suggesting no toxi-
city effect of these peptides. Also, MO7e cells treated with 
P1, P2, P3, P5, and P6 peptides displayed a significant 
(p<0.005) increased viability, though p<0.05 was noted for 
P4 compared with control.

Myeloid Expression
The expression of myeloid specific receptors (CD11b, 
CD33, CD116, and CD114) on megakaryoblasts, MO7e 
cells for P1, P2, and P3 treatment is shown in Figure 5A. 
The peptide P1 treated MO7e cells identified as most 
significant (p<0.001) increase in CD11b expression com-
pared to without peptide treated cells C (control). 
Similarly, increased expression of CD116 and CD114 
was found to be most significant (p<0.001) for P1 treated 
MO7e cells compared to control. In comparison to control, 
a significant (p<0.005) increase of CD33 expression was 
noted in cells treated with P2 but was shown lower than P1 
(p<0.001) treated MO7e cells. Also, an insignificant 
change in CD33 expression was observed between P1 
and P2 treated MO7e cells.

Also, expressing CD11b, CD33, CD116, and CD114 
markers on macrophage promoting myeloblast cells, KG1a 
was examined (Figure 5B). The P2 displayed the highest 
significant (p<0.001) increased expression of CD11b, 
CD33, and CD116, while p<0.005 showed for CD114 
compared to control.

Additionally, P2 showed the highest CD11b, CD116, and 
CD114 expression on erythroleukemic K562 cells (Figure 

5C) but was insignificant compared to control. However, 
significantly raised CD33 expression was detected for P2 
(p<0.05) and P1 (p<0.05) as compared to control.

Again, when compared with control, promyeloblast 
HL60 cells showed significantly highest CD11b 
(p<0.001), CD33 (p<0.001), and CD116 (p<0.005) expres-
sion with P1 treatment, whereas CD114 expression found 
significantly (p<0.001) highest for P2 (Figure 5D). 
However, insignificantly increased expression of CD114 
was noted for P2 as compared to P1.

Likewise, the myeloid marker expression level was also 
evaluated in HL60 cells treated with P4, P5, and P6 (Figure 
5E). The CD11b expression was found significantly highest 
on P4 (p<0.001) treated cells compared to control. In con-
trast, significantly, p<0.001 highest increased CD33, CD116, 
CD114 expression was displayed on P6 treated cells. This 
result was correlated with the CD result in which P6 showed 
highest α-helix content, attained rigidity compared to P3.

Besides, a significant (p<0.05) CD33 expression was 
observed on HSCs treated with P4 and P5 peptide as 
compared to control, while P6 shows non-significant 
CD33 expression (Figure 5G).

TFs Expression
The P1 showed the highest significant (p<0.001) increase 
of c-Jun and C/EBPα expression in MO7e cells (Figure 
6A). However, no significant increased expression of 
GATA-1 was seen for P1, P2, and P3 compared to control, 
which revealed that these peptides had not raised the 
GATA-1 expression. Nevertheless, P2 treated cells exhib-
ited increased significant (p<0.001) PU.1 expression com-
pared to control, but an insignificant difference was 
followed between P1 and P2 treated cells.

In KG1a cells, P2 peptide showed a significant 
(p<0.05) increase in PU.1 expression as compared to con-
trol (Figure 6B). However, P1 displayed a significant 
(p<0.001) increase in GATA-1 expression, whereas insig-
nificant raised c-Jun and a significant (p<0.01) decreased 
expression of C/EBPα was obtained compared to control. 
Nonetheless, P3 significantly (p<0.001) augmented C/ 
EBPα expression.

P2 treated K562 cells show a significant (p<0.005) 
increase in PU.1 and c-Jun (p<0.005) expression (Figure 
6C). Interestingly, a significantly elevated C/EBPα expres-
sion was noted for P1 (p<0.005), P2 (p<0.001), and P3 
(p<0.001) compared to control. Besides, insignificantly 
decreased GATA-1 expression was found in P1, P2, and 
P3 treated K562 cells compared to control.
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Figure 5 Expression of CD11b, CD33, CD116, and CD114 in (A) MO7e (B) KG1a (C) K562 (D) HL60 cells treated with P1, P2, and P3 and found; $$p<0.001; $p<0.005; 
@p<0.01; *p<0.05; NS, not statistically significant, compared to control. (E) expression of these markers was also quantified on HL60 cells treated with P4, P5, and P6, and 
found statistical significance; $$p<0.001; $p<0.005 compared to control. (F) The CD33 expression on HL60 cells treated with NPP1, NPP2, NPP3, NPP4, NPP5, and NPP6 at 
24h and 48h was observed and found; *p<0.05; NS, not statistically significant. (G) CD33 expression on HSCs treated with P4, P5, and P6 at 24h was observed and found; 
*p<0.05; NS, not statistically significant.
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Figure 6 Expression of the TFs, PU.1, GATA-1, c-Jun, and C/EBPα in P1, P2, and P3 treated (A) MO7e, (B) KG1a, (C) K562, and (D) HL60 cells. In addition, (E) the 
expression of these TFs was also evaluated in P4, P5, and P6 treated HL60 cells and found statistical significance; $$p<0.001; $p<0.005; *p<0.05; @p<0.01; NS, not statistically 
significant compared to control. (F) shows HSCs colony, and (G) counted colonies of HSCs after 13 days. $$p<0.001; NS, not statistically significant.
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Also, the highest increased significant expression of 
PU.1 (p<0.01) and c-Jun (p<0.01) was detected in P2 
treated HL60 cells compared to the control (Figure 6D). 
Also, P1 displayed the highest increased significant 
expression of GATA-1 (p<0.001) and C/EBPα (p<0.001) 
as compared to control.

Further, a significant (p<0.05) expression of PU.1 and 
C/EBPα was found in P4 treated HL60 cells, while expres-
sion of c-Jun was insignificant in P4, P5 and P6 treated 
cells (Figure 6E). Similarly, insignificant promoted expres-
sion of GATA-1 was kept in P5 treated cells, conversely 
significantly increased expression was found for P4 
(p<0.05) and P6 (p<0.01).

The results reveal that the highest increased PU.1 
expression was found in P2 treated MO7e, KG1a, K562, 
and HL60 cells. Additionally, no significant change of 
GATA-1 expression was followed by P1, P2, and P3 
treated megakaryoblast, MO7e (Figure 6A) and erythro-
leukemic, K562 (Figure 6C) cell lines. On the contrary, 
expression of GATA-1 was noted to be highly significant 
for the P1, P2, P3 compared to control in myeloid, KG1a, 
and HL60 cell lines.

Colony-Forming Assay
The HSCs formed the CFU-GM colonies, which were 
identified and counted after 13 days of the experiment 
(Figure 6F and G). The P4 alone, P5 alone, cytokines 
(GM-CSF, G-CSF, and IL3) only, cytokines+P4, cyto-
kines+P5, and cytokines+P6, were found to increase sig-
nificantly (p= 0.001), while P6 alone treated cells were 
detected insignificant compared with control.

Peptide Loading and Encapsulation in NPP
The emulsion solvent evaporation (nanoprecipitation) 
method was used to synthesized NPP. The low aqueous 
(peptide solution) to organic phase (PLGA dissolved in 
Ethyl Acetate) ratio was maintained to obtain nanoscale 
particles. Afterwards, the lyophilized nanoparticles with 
peptide loading percentage of 3.2 ± 0.05% and encapsula-
tion efficiency of 86.4 ± 4.8% were determined.

Characterization and Functional 
Validation of NPP
The intensity was identified for the size distribution of 
NPP1, NPP2, NPP3, NPP4, NPP5, and NPP6, though no 
significant hovering was seen in size distribution intensity 
(Figure 7A). Besides, the relative surface charge of NPP in 

the colloidal dispersion was calculated based on their 
mobility across an electric field, described as zeta poten-
tial. The measured charge was found close-to-neutral, 
ranges from −3.58 to −0.26 mV for NPP1, NPP2, NPP3, 
NPP4, NPP5, and NPP6 (Figure 7B). The NPP size was 
identified as Z-Avg ranging from 93.6nm to 254.8nm, and 
polydispersity index (PdI) between 0.012 to 0.212 showed 
monodispersed formulation and suggested maximum 
penetration inside the cells.

SEM showed NPP size ranging from 42nm to 250nm 
and was found to be spherical (Figure 7C). The NPP1, 
NPP2, NPP3, NPP4, NPP5, and NPP6 showed rounded 
and monodispersed.

The NPP provided a smooth surface and was found 
monodispersed and varied in size from 20–150nm identi-
fied using TEM (Figure 7D).

All the NPP’ structure and morphology were observed 
identical as analyzed using AFM (Figure 7E). The NPP 
were attained their spherical shape suggesting their 
stability.

Besides, cellular localization of NPP1, NPP2, NPP3, 
NPP4, NPP5, and NPP6 (Figure 8A) in HL60 cells at 48h 
was confirmed by fluorescence microscopy. The signifi-
cant cellular uptake of NPP1, NPP2, and NPP3 in HL60 
cells was noted as compared to control using flow cyto-
metry at 48h (Figure 8B). This assessment suggested that 
the use of these NPPs does not cause any cellular toxicity. 
Nonetheless, NPP4 displayed a significant increase in cel-
lular uptake, but uptake of NPP5 and NPP6 was not found 
to be significant compared to control.

The NPP1, NPP2, NPP3, NPP4, NPP5, and NPP6 at 
5µg/mL were found nontoxic to HL60 cells (Figure 4E 
and F). Significantly increased the viability of HL60 cells 
treated with NPP5 (p<0.05) and NPP6 (p<0.005) was 
observed at 5µg/mL compared to control. Furthermore, 
no toxicity was followed at 5µg/mL and significantly 
increased viability was found for NPP1 (p=0.01), while 
an insignificant change was remarked for NPP2 and NPP3 
compared to control.

Nevertheless, no significant CD33 expression was 
noted on NPP2, and NPP3 treated HL60 cells at 24h and 
48h (Figure 5F), while NPP1 displayed a statistically sub-
stantial (p<0.05) increase in CD33 expression at 24h. 
Besides, the CD33 expression on NPP4, NPP5, and 
NPP6 treated cells was not significant at 48h. In contrast, 
a significant (p<0.05) increased CD33 expression was 
detected in NPP4 and NPP6 treated HL60 cells at 24h 
compared to control.
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Figure 7 Characterization of NPP1, NPP2, NPP3, NPP4, NPP5, and NPP6 by (A) size distribution by intensity, which was recorded three times shown as record1 (green 
peak), record2 (red peak) and record3 (blue peak), (B) obtained zeta potential (ZP), size distribution (Z-Avg) and PdI values of NP (nanoparticles without peptide) and NPP. 
(C) SEM images with a scale of 100nm, and (D) TEM images with a scale of 100 and 50nm. (E) AFM 2D and 3D images of NPP1, NPP2, NPP3, NPP4, NPP5, and NPP6 with 
a scale of 100nm.

International Journal of Nanomedicine 2021:16                                                                                   https://doi.org/10.2147/IJN.S303235                                                                                                                                                                                                                       

DovePress                                                                                                                       
3851

Dovepress                                                                                                                                           Raghav and Gangenahalli

https://www.dovepress.com
https://www.dovepress.com


Hematological Modulation of NPP1 in 
Rodent and Toxicity Assessment by 
Histology
The increased CD33 expression in HL60 cells suggested 
that NPP1 is potentially increasing myeloid expression. 
Instead of CPP, NPP1 displayed a significant difference; 
thus, it was considered in the in vivo system to compare 
the difference in granulocytic percentage between treated 
cells compared to control. In comparison to control, NPP1 
decreased the WBC counts, specifically decreasing lym-
phocytes' percentage (Figure 9A). Interestingly, adminis-
tration of NPP1 significantly (p<0.007) increased the 
percentage of granulocytes in comparison to control 
mice. A non-significant but noticeable difference was 
observed in PLT, called thrombocytosis, which is usually 
associated with underlying cancer, but further studies will 
be required to derive a conclusion. The NPP1 administra-
tion in rodents did not significantly suppress 

erythropoiesis, as observed through RBC and HGB counts. 
However, NPP1 caused a non-significant increase in HCT 
percentage and HGB count, which is usually indicative of 
dehydration since RBCs tend to get concentrated and 
hence increase the HCT count. A decrease in MCV, 
MCH, and MCHC, indicates microcytic anemia caused 
by either iron deficiency or internal bleeding. Therefore, 
histological analysis of other organs of the animal was 
conducted. Nonetheless, no significant changes were 
observed in other hematological parameters, and their 
values were found close to control values. The histology 
of bone marrow, spleen, liver, and kidney were performed, 
and no toxicity was observed for NPP1 (Figure 9B).

Discussion
Monocyte/macrophage system alone and in association 
with lymphocytes and cytokine provides a robust cellular 
defense system against infections.37,38 The host’s immu-
nity is significantly affected by cancer chemotherapy. 

A B

Figure 8 (A) Cellular uptake of NPP1, NPP2, NPP3, NPP4, NPP5, and NPP6 in HL60 cells. Intracellular uptake of the NPPs is depicted by green fluorescence. (B) 
Intracellular localization of NPP1, NPP2, NPP3, NPP4, NPP5, and NPP6 in HL60 cells at 48h. *p<0.05; $$p<0.001; NS, not statistically significant.
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Chemotherapy reportedly decreases monocyte count and 
phagocyting ability, which makes these patients more 
prone to infections.37,39–47 Therefore, an increased number 
of monocyte/macrophages in a cancer patient receiving 
chemotherapy can prevent disease in pre- and post-bone 
marrow transplantations. The development of an activated 
adaptive immune system through differentiation of HSCs 
is regulated by PU.1, c-Jun, and GATA-1 TFs.48 It was 
noted that both c-Jun and GATA-1 compete to bind with 
the β3/β4 region of PU.1. Nonetheless, PU.1 interacts with 
c-Jun causing myelopoiesis, while GATA-1 antagonizes 
this interaction to promote erythropoiesis.11 However, 
less evidence has been reported for their interactions.18 

As a result, yet no potent molecule has been identified to 
regulate myelopoiesis, which is facilitated by PU.1.19 

Hitherto, no PDB complex structure is reported in the 

RCSB PDB database (www.rcsb.org). Therefore, in case 
of opportunistic infections, it is required to design 
a molecule, which increases myelopoiesis (number of 
myeloid cells) by abolishing the GATA-1 binding with 
PU.1, but allows the binding of c-Jun with PU.1 to combat 
infection.

In this study, primarily, docking was employed to 
explore the mechanism of GATA-1-PU.1 and c-Jun-PU.1 
interaction that identified the interacting residues of the 
PU.1, β3/β4 region with carboxyl-terminal zinc finger of 
GATA-1 and c-Jun. The docking study confirmed the 
existence of competition between GATA-1 and c-Jun for 
binding with PU.1. Docking results identified the interact-
ing regions between PU.1 and GATA-1, and PU.1 and 
c-Jun proteins, which play a leading role in the fate of 
stem cells to erythroid or myeloid lineages. The binding 

A

B

Figure 9 (A) Hematological parameter indicates the average mean of control and NPP1 treatment. *p<0.05. (B) Histology of bone marrow, spleen, liver, and kidney shows 
no toxicity for NPP1 treatment.
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affinity of the β3/β4 region of PU.1 was identified for both 
GATA-1, and c-Jun, wherein c-Jun showed higher binding 
affinity. These results suggested the GATA-1 mediated 
repression of PU.1 can be abolished by altering the physi-
cal interaction between the two proteins. Therefore, 
a strategy was adopted to design a molecule that abolishes 
the binding of GATA-1 with PU.1 without affecting c-Jun 
binding to promote myelopoiesis. Thus, the β3/β4 region 
of PU.1 was extracted, and the PoPMuSiC algorithm was 
employed for in silico systematic search of single-site 
mutations to improve native-state stability through ∆∆G 
and solvent accessibility. The 27 mutants were created, 
and estimated the changes in folding free energy (∆∆G) 
and solvent accessibility of mutated peptides. The function 
of mutation is regulated by a biophysical mechanism 
known as peptide stability.49 The contribution of stability 
to the mutated peptide was noted by solvent accessibility 
and ∆∆G. An increase in ∆∆G showed a lower fraction of 
folded peptide and therefore decreased stability. As muta-
tions increase the accessibility of buried residues to the 
solvent in the peptide, the 3D structure becomes 
unstable.50 Also, Proline substituted mutations were 
ignored to avoid conformational rearrangements in the 
peptides. Consequently, the mutated peptides with the 
high polarity of the peptide surface, moderate solvent 
accessibility, and lowest ∆∆G were considered for virtual 
screening. The screening evaluated the binding affinity and 
specificity of mutated peptides, which block the binding of 
GATA-1 with PU.1 and does not abrogate c-Jun binding 
with PU.1. The virtual screening revealed the mutations 
were not significant, which is identified by the B.E differ-
ence between GATA-1 and c-Jun for PU.1. Subsequently, 
a scrambled peptide library consisting of 800 peptides was 
constructed by scrambling β3/β4 residues. The virtual 
screening, identified the potential peptides have a higher 
binding affinity towards GATA-1 and lower affinity for 
c-Jun, which abrogates GATA-1 interaction with PU.1. 
The identified novel peptides (P1 and P2) displayed 
greater B.E difference (−1.6 kcal/mol) between GATA-1 
and c-Jun, compared to mutated peptide number 17 (−0.9 
kcal/mol). The P1 and P2 attained higher binding affinity 
for GATA-1, −4.7 kcal/mol and −5.1 kcal/mol, but least 
for c-Jun, −3.1 kcal/mol, and −4.0 kcal/mol, respectively. 
In contrast, P3 identified B.E, −3.4 kcal/mol for GATA-1, 
and −4.7 kcal/mol for c-Jun, which is substantiated to 
PU.1 docking with GATA-1 and c-Jun, which shows that 
P3 is specific for c-Jun. P1 and P2 displayed higher bind-
ing affinity identified using computational screening, and 

a control peptide, P3 (β3/β4) were synthesized and vali-
dated in vitro. The peptides, P4, P5, and P6, are similar to 
P1, P2, and P3, respectively, except being added with cell 
penetrating peptides (CPP), RRRRRRRRRRRR (12R). 
Therefore, these peptides were not further considered for 
docking. The effective transduction of 12R CPP was 
already reported in CD34+ cells,51 thus chosen for con-
jugation with P1, P2, and P3 peptides. The P4, P5, and P6 
were FITC tagged peptides added with CPP to P1, P2, and 
P3 FITC tagged peptides, respectively. CD spectroscopy 
of peptides identified that P3 attained 3.4% helix, whereas 
the increased percentage of the helix was obtained for P6 
(12%). This 8.6% increase in helix revealed that CPP 
provided stability to the P6. Nonetheless, the percentage 
of the beta content was drastically reduced from 30.1% in 
P3 to 8.6% in P6, while the increase of 29.5% in P6 and 
18.4% in P3, in turns, were identified. This result sug-
gested that flexibility was induced by CPP addition to P6, 
which may modulate the function of the native peptide. 
Besides, no significant change was observed in P1, P2, P4, 
and P5 peptides. A detailed analysis of intracellular uptake 
of peptides in megakaryocyte/erythroid cells (MO7e and 
K562) and myeloid cells (KG1a and HL60) was confirmed 
using flow cytometry. This result evaluated the internaliza-
tion of FITC-labelled peptides in the cells. The fluores-
cence, and confocal microscopy assessed that peptides 
were distributed inside the cells, which confirmed its cell- 
penetrating ability. Rather, P1, P2, and P3 were observed 
with low FITC fluorescence than P4, P5, and P6, which 
reveals peptides without CPP had diminutive cellular loca-
lization and suggested that CPP increases the internaliza-
tion. The viability of peptide-treated cells was assessed 
in vitro, which shows no cytotoxicity suggested that pep-
tides’ treatment could be used subsequently in the in vitro 
cellular functional assays.

The cells treated with peptides increased the myeloid- 
specific receptor expression, which shows myelopoiesis. 
The expression of myeloid antigens CD33, CD11b, 
CD116, and CD114 was examined on four different cell 
lines, such as MO7e, KG1a, K562, and HL60. The CD33 
is a myeloid-specific receptor, expressed highly on mye-
loid progenitor cells but at much lower levels in differen-
tiated cells.52 Also, the CD11b (granulocytic),53 CD116 
(GM-CSFR),54 and CD114 (G-CSFR)55 receptors were 
considered for FACS analysis. Myeloid marker expression 
was identified in MO7E, KG1a, K562, and HL60 cells 
treated with P1, P2, P3, P4, P5, and P6 peptides. 
Expression of CD11b, CD116, and CD114 was found to 
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be increased, while CD33 expression was most significant 
in P1 treated MO7e cells compared to control. Similarly, 
P1 treatment on HL60 cells exhibited the highest CD11b, 
CD33, and CD116 expression. In contrast, P2 increased 
the expression of CD11b, CD33, CD116, and CD114 on 
KG1a and K562 cells. Moreover, CD11b expression was 
found increased in P4 treated HL60 cells, while expression 
of CD33, CD116, and CD114 was estimated highest in P6 
treated HL60 cells compared to control. Conversely, P4 
increased the expression of CD33 in HSCs; thus collec-
tively, these results suggested that peptide, P1, and P2 can 
effectively increase myelopoiesis.

The PU.1−/- lessens the number of myeloid progenitors 
but responds to the multilineage cytokines IL-3, IL-6, and 
SCF in proliferation instead of myeloid specific cytokines 
GM-CSF, G-CSF, and M-CSF, recognized for differentia-
tion. However, the synergistic effect of IL-3 and G-CSF 
differentiates the cells into their myeloid precursors.56 This 
effect shows that PU.1 controls the development of gran-
ulocytes and macrophages. Also, three essential TFs, 
c-Jun, GATA-1, and C/EBPα were needed to evaluate the 
myelopoiesis,57 expression inhibition by peptides, and 
granulocytic-monocyte development by inducing PU.1,58 

respectively. The changes in TF expression were observed, 
which signify that P1 increased the expression of PU.1, 
c-Jun, and C/EBPα. Although P2 induces the highest 
expression of PU.1, no significant difference in the expres-
sion was noted between P1 and P2 treated MO7e cells. 
The results revealed that significantly highest PU.1 expres-
sion was found in P2 treated MO7e, KG1a, K562, and 
HL60 cells. Also, no significant change of GATA-1 
expression was noted by P1, P2, and P3 treated megakar-
yoblast, MO7e, and erythroleukemia, K562 cell lines. On 
the contrary, significantly increased expression of GATA-1 
was noted for P1, P2, P3 compared to control in myeloid, 
KG1a, and HL60 cell lines. Similarly, P4, P5, and P6 
increased the expression of GATA-1, while the highest 
PU.1, c-Jun, and C/EBPα expression were found for the 
P1 peptide. Results suggested that P1, P2, P3, P4 altered 
the expression where increased expression of GATA-1 was 
found. HSCs colony-forming assay proposed that P4, P5, 
and P6 in combination with cytokines (GM-CSF, G-CSF, 
and IL3) increases the myeloid differentiation, measured 
by increased colony count as compared to control (C) and 
positive myeloid control (GM-CSF+G-CSF+IL3).

Since peptides being used to treat diseases have a short 
half-life, therefore, they are administered several times at 
short intervals.59 The Poly(lactic-co-glycolic acid) 

(PLGA) based formulation provided the solution to the 
problem by protecting peptides from degradation, support-
ing the sustained release, and stabilization.60 An in vitro 
sustained release of G-CSF loaded PLGA nanoparticles 
for more than seven days has already been reported.61 

A higher polymer concentration leads to higher encapsula-
tion efficiency with the larger nanoparticles’ size.62,63 As 
well, the low aqueous phase to organic phase ratio leads to 
smaller nanoparticles.63 Therefore, 10mg of PLGA and 1:4 
ratio of aqueous to organic phase was used to synthesize 
the nanoparticle, which yields satisfactory loading and 
entrapment efficiency. The single peak of each NPP con-
firmed the formation of nanoparticles compared to 
a peptide, and PLGA alone, which was considered control. 
Zeta potential measured the low negative overall charge on 
NPP1, NPP2, NPP3, NPP4, NPP5, and NPP6, which 
showed that these NPP are close to neutral charge leading 
to cell internalization. The size of all NPP was found 
below 163.6nm, which suggested that no aggregation 
occurred after synthesis. The monosuspended NPPs were 
formed, and PdI was measured below 0.2 except for NPP4. 
Nonetheless, NPP4 achieved good PdI as observed from 
size distribution by intensity peaks. Also, all other NPP 
were found to have uniformity, and no hovering was 
noted. The SEM determined NPP morphology and size 
that demonstrated the synthesized NPP attained their 
shape in nano-size. The exact morphology was noted by 
TEM, which confirmed the average size of NPP below 
100nm. These images represented the size distribution of 
NPPs were smooth and spherical. The AFM of NPP estab-
lished the smoothness and stability as viewed after 30 days 
of synthesized nanoparticles. The NPP was found nontoxic 
and significantly increased the viability of cells. 
Subsequently, cellular uptake of NPP was detected and 
was found uniformly distributed in the cells. Intracellular 
localized NPP displayed that HL60 cells attained their 
compact structure with clear morphology, and no cytotoxic 
effect was identified. The penetration of NPP1, NPP2, and 
NPP3 showed significant facilitation into cells and repre-
sented encapsulated peptides, which regulate their func-
tion. A significant increase of CD33 expression in NPP1 
treated HL60 cells established the elevation of myelopoi-
esis. Besides, NPP2 and NPP6 also displayed increased 
CD33 expression. These results suggested that NPP1, 
NPP4, and NPP6 have the potential to induce myelopoi-
esis. Nonetheless, NPP1 results were found to be corre-
lated with P1 treatment in HL60 cells. However, NPP4 and 
P4 were not considered for further functional assays to 
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avoid CPP’s effect, which can cause the alteration in 
native function. Thus, NPP1 was used for in vivo studies 
to determine the overall effect of NPP1 in regulating 

granulocytes. The hematology was performed, which 
showed a significant (p=0.007) increase of granulocytes 
by 10.8% after NPP1 treatment with respect to the control. 

Figure 10 Overall representation of adopted methodology.
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This in vivo increase in percentage of granulocytes was 
also corroborated with in vitro increased CD33, myeloid 
marker expression. High HGB and HCT but low MCV, 
MCH and MCHC can be caused due to clumping of RBCs 
together, which raises the hematocrit reading and chances 
of developing microcytic anemia caused by iron defi-
ciency. The noticeable difference in the PLT count of 
control vs NPP1 treated animals can be caused either due 
to cancer or infection, but these predicted underlying 
causes were ruled out by the organ histology report. 
Also, similar cellular structures and no abnormalities 
were observed in the bone marrow, spleen, liver, and 
kidney of the mice following the NPP1 administration as 
compared to the control group. Hence, no toxicity was 
seen in NPP1 treated mice organ’s histology in which 
cells attained their native morphology and appeared 
round that supports hematology result.

Conclusion
The computational, in vitro, and in vivo techniques were 
employed in this study to design novel therapeutic molecules 
(Figure 10). The β3/β4 region of PU.1 mimetic peptide library 
was created and virtually screened for both GATA-1 and c-Jun 
to reduce the time and financial cost of identifying a new novel 
molecule. Thus, novel synthetic peptides were designed, 
which bind specifically to GATA-1 and abrogate its binding 
with PU.1 leading myelopoiesis. This strategy would be useful 
in identifying synthetic novel peptides for the development of 
selective GATA-1 inhibitors. Subsequently, the identified 
potential peptides were chemically synthesized, and functional 
validation was performed. These peptides successfully 
increased the expression of myeloid receptors, CD33, 
CD11b, CD116, and CD114 present on the cell surface. This 
result suggests that these peptides modulate the differentiation 
of stem cells into myeloid cells. However, these peptides also 
increase the expression of myelopoiesis promoting TFs, PU.1 
and GATA-1, and granulocytes promoting TFs, C/EBPα. We 
have eventually discovered novel GATA-1 specific synthetic 
peptides which successfully induce myelopoiesis. Although 
the peptides have a short half-life, thus in this study, NPP was 
reported as a promising vaccine delivery system for enhance-
ment of myelopoiesis. The formulation composed of peptide 
encapsulated Poly(lactic-co-glycolic acid) (PLGA) nanoparti-
cles were used to protect peptides from degradation, stabilized 
the peptides, and support their sustained release. The fabri-
cated nanoparticles were characterized and subsequently 
determined cellular toxicity, cellular uptake, intracellular loca-
lization, and assessed myeloid expression. Also, in vivo 

studies treated with NPP were analyzed. The peptide encapsu-
lated PLGA nanoparticles formulation was found to be effec-
tive in carrying the synthetic peptide into the cells, ensuring 
sustained delivery and protection from degradation. The 
cumulative results may prove to be helpful for the continued 
utilization of the formulation in enhancing myelopoiesis.
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